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ABSTRACT 
 
Over decades, research in STEM education has been conducted to investigate how 
students translate from one representation to another. Based on dual coding theory, 
multiple external representations (MERs) can be effective when the verbal/linguistic 
representations are provided along with the corresponded diagrammatic/pictorial 
representations. However, little is known about the difficulties that undergraduate 
students encounter when translating between the verbal and diagrammatic representations 
in the context of the arrow-pushing formalism used in organic reaction descriptions. 
Chemists use the arrow-pushing formalism to represent the electron flow in organic 
mechanistic processes. Yet, far less is known about the meaning that undergraduate 
students attribute to the arrow-pushing formalism. Therefore, this study was initiated to 
investigate how undergraduate students interpret MERs, how they translate among them, 
and how they make sense of and employ the arrow-pushing formalism.  
To examine students’ understanding of the aforementioned chemical concepts, this 
study was designed and analyzed using a phenomenographic framework. Twenty 
undergraduate students from a variety of majors enrolled in a sophomore level organic 
course participated in two semi-constructed interviews. The data was then analyzed 
through a phenomenographic lens. The results can be summarized as follows: verbal 
representations of the arrow-pushing formalism have little meaning to the undergraduate 
students, while diagrammatic representations with the arrow-pushing formalism mean a 
lot; when the undergraduate students have less fluency in one representation, its 
complementary representations can be used to facilitate learning; curved arrows can 
 iii 
trigger the undergraduate student’s relevant chemical concepts which can be applied to 
solve organic tasks. The results suggested the effectiveness of MERs in the teaching of 
organic chemistry and emphasized the role that the arrow-pushing formalism plays in 
undergraduate students’ learning experiences.  
 
 
 
 
 
 
 
 iv 
ACKNOWLEDGMENTS 
 
First, I would like to thank my advisor, Dr. Daniel C. Whitehead, and my advisory 
committee members, Dr. Michelle P. Cook and Dr. Jeffrey R. Appling, without whom I 
would never complete this research and realize my dream to be an educator. I really 
appreciate your time and patience not only in editing my writing, but also in helping me 
prevail over the obstacles in my graduate school experience. 
I also thank Dr. Gautam Bhattacharyya, the principal investigator of this study, Dr. 
Nicole Graulich and Lindsey Cain for your continuous support. Thank you for being both 
my colleagues and my friends. I am grateful for your care and encouragement.  
I wish to specifically thank my mother, Mrs. Xiaoqiu Yu, and my father, Mr. 
Wenqiang Shen. I truly appreciate your unconditional love, thank you for always 
supporting me and believing in me, never letting me quit, always picking me up when I 
am feeling down.  
 
 v 
TABLE OF CONTENTS 
 
 
Page 
 
TITLE PAGE .................................................................................................................... i 
 
ABSTRACT ..................................................................................................................... ii 
 
ACKNOWLEDGMENTS .............................................................................................. iv 
 
LIST OF TABLES ......................................................................................................... vii 
 
LIST OF FIGURES ...................................................................................................... viii 
 
CHAPTER 
 
 I. CHAPTER 1: INTRODUCTION .................................................................. 1 
 
   Research Background .............................................................................. 1 
   My Motivation and Personal Experiences ............................................... 2 
 
 II. CHAPTER 2. LITERATURE REVIEW ....................................................... 4 
 
   Multiple External Representations ........................................................... 4 
Linking the Verbal and Nonverbal Information of Chemical 
Representations ................................................................................. 4 
Affordances and Limitations of the Verbal and Diagrammatic 
Representations ................................................................................. 7 
Functions of Multiple External Representations ............................... 8 
Translation among Multiple External Representations ................... 10 
   Arrow-pushing Formalism ..................................................................... 16 
 
 III. CHAPTER 3. METHODOLOGY ............................................................... 21 
 
   Guiding Questions ............................................................................... 21 
   Qualitative Research Approach ........................................................... 22 
   Theoretical Framework ........................................................................ 23 
   Participants & Setting .......................................................................... 24 
   Data Collection .................................................................................... 25 
   Role of the Researcher and Research Bias .......................................... 25 
   Data Analysis ....................................................................................... 26 
   Validity ................................................................................................ 36 
 vi 
Table of Contents (Continued) 
 
Page 
 
 IV. CHAPTER 4. RESULTS ............................................................................. 37 
 
   Students’ Scores for Each Question ....................................................... 37 
   Translation from the Verbal to Diagrammatic Representations ............ 38 
Translate the Nouns ...................................................................... 39 
Relying on Memorization ...................................................... 40 
Hard to Interpret the Line Structure Representations ............ 44 
Translate the Verbs ....................................................................... 50 
Hard to Find Schemas to Fill in the Missing Points .............. 50 
Lacking Fluency with the Organic Language ........................ 52 
Hard to Determine the Agent of An Action ........................... 54 
Dismissing Information in the Passage ......................................... 55 
Summary  ...................................................................................... 57 
   Translation from the Diagrammatic to Verbal Representations ............ 59 
Difficulties in Verbalizing the Diagrams ...................................... 59 
Arrow-pushing Formalism ............................................................ 61 
 
 V. CHAPTER 5. DISCUSION ......................................................................... 77 
What difficulties do students encounter when transferring between 
verbal and diagrammatic representations?  ................................... 77 
What meaning do students attributes to the arrow-pushing 
formalism?  ................................................................................... 80 
How do students use the curved arrows?  ..................................... 81 
 
 VI. CHAPTER 6. CONCLUSION .................................................................... 82 
Implication in Chemistry Education ............................................. 83 
 
 
APPENDICES ............................................................................................................... 87 
 
 A: Interview Protocol I ..................................................................................... 87 
 B: Interview Protocol II .................................................................................... 89 
 C: Scoring Rubrics for Interview Questions ..................................................... 94 
 
 
REFERENCES ............................................................................................................ 101 
 vii 
LIST OF TABLES 
 
 
Table                                                                                                                               Page 
 
 3.1 The answers to I-Q2, I-Q3, II-Q1, and II-Q2. .............................................. 29 
 
 3.2 The answers to I-Q4, I-Q5, I-Q8, and I-Q9 ................................................. 31 
 
 3.3 The answers to I-Q6, I-Q7, and II-Q4. ......................................................... 32 
 
 3.4 The answers to II-Q3 and II-Q5 ................................................................... 34 
 
 4.1 Students’ scores for each question in Interview I. ....................................... 37 
 
 4.2 Students’ scores for each question in Interview II. ...................................... 38 
 
 4.3 Categories generated for translation from text to diagrams ......................... 39 
 
 4.4 Success rates comparisons for structural formula user vs. molecular 
formula user in I-Q3 ............................................................................... 45 
 
 4.5 Categories for verbalizations of the diagrams ............................................. 59 
 
 4.6 Categories generated for the arrow pushing formalism. .............................. 62 
 
 4.7 Comparisons between I-Q4 and I-Q8 and between I-Q5 and I-Q9 regarding 
students’ verbalizations of the Lewis structures. ................................... 63 
 
 4.8 Comparisons between I-Q4 and I-Q8 and between I-Q5 and I-Q9 
regarding the identification of the electron source and sink .................. 67 
 
 4.9 Comparisons between I-Q6 and I-Q7 regarding the identification of the 
electron source and sink ......................................................................... 68 
 
 4.10 Students’ performances and their main explanations for each reaction ...... 71 
 
 4.11 Comparisons between I-Q5 and I-Q9 regarding keeping track of oxygen in the 
mechanistic transformation .................................................................... 72 
 viii 
LIST OF FIGURES 
 
 
Figure                                                                                                                             Page 
 
 2.1 Dual coding information processing model ................................................... 6 
 
 2.3 The Functional Taxonomy of Multiple External Representations ................ 9 
 
 2.3 The Biochemistry Tetrahedron framework, which was developed from 
Johnstone’s triangle by adding the microscopic domain ..................... 11 
 
 3.1 Interview questions (I-Q2, I-Q3, II-Q1, and II-Q2). .................................... 28 
 
 3.2 Interview questions (I-Q4, I-Q5, I-Q8, and I-Q9). ...................................... 30 
 
 3.3 Interview questions (I-Q6, I-Q7, and II-Q4). ............................................... 32 
 
 3.4 Interview questions (II-Q3 and II-Q5). ........................................................ 33 
 
 3.5 Interview questions (II-Q7, II-Q8, II-Q9, and II-Q10) ................................ 35 
 
 4.1 P10’s drawing of I-Q2. ................................................................................ 41 
 
 4.2 P2’s drawing of cyclic bromonium ion. ....................................................... 42 
 
 4.3 (a) the drawing generated by the structural formula users; (b) the 
drawing generated by the molecular formula users ............................. 44 
 
 4.4 P6’s drawing of the protonated intermediate in II-Q2 ................................. 47 
 
 4.5 (a) P1’s drawing of the intermediate, HO2BR3, in I-Q3; (b) P13’s 
drawing of R3B; (c) P18’s drawing of R group being attacked ........... 48 
 
 4.6 P13’s drawing of the mechanism in I-Q3 .................................................... 52 
 
 4.7 A common mistake of drawing the proton transfer. .................................... 53 
 
 4.8 (a) P13’s drawing of halogen addition; (b) P11’s drawing of halogen 
addition ................................................................................................ 55 
 
 4.9 P11 drew oxygen as the electron sink in I-Q7-1 .......................................... 69 
 
 4.9 P16’s drawing of I-Q7-2. ............................................................................. 70
 CHAPTER I 
 
INTRODUCTION 
 
 
Research Background 
Over the last several years, research in chemistry and other STEM fields has been 
conducted to investigate how students conceptualize multiple representations (Gabel, 
1998; Keig & Rubba, 1993; Kozma & Russell, 1997; Kozma, 2000, 2003). Different 
representations can complement each other, constrain each other, and support the 
construction of deeper understanding (Ainsworth, 2006). Therefore, linking multiple 
representations may help students better understand related chemical concepts (Kozma, 
Russell, Jones, Marx, & Davis, 1996; Kozma & Russell, 1997; Wu, Krajcik & Soloway, 
2001). Previous studies in organic chemistry have shown that students had difficulty in 
translating from one representation to another one (Kozma & Russell, 1997; Kozma, 
2000). However, little is known about which difficulties students specifically encounter 
when translating between verbal and nonverbal representations in the field of organic 
chemistry.   
My interest in this study was students’ use and understanding of multiple 
representations in the context of the arrow-pushing formalism. The use of the arrow-
pushing formalism to depict electron flow is an important tool in the field of organic 
chemistry. Much effort has been put towards presenting the arrow-pushing formalism 
from a descriptive perspective to students (Buncel & Wilson, 1987; Caserio, 1971; 
Hanson, 1976; Norman & Waddington, 1979); however, far less is known about the 
meaning that students attribute to the arrow-pushing formalism. Therefore, in order to 
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better understand how students conceptualize different chemical representations and how 
they use these representations when working with electron-pushing diagrams, I began to 
explore the difficulties that students encounter when transferring between verbal and 
nonverbal representations. Additionally, in order to better understand how they use 
arrow-pushing formalism to solve organic mechanistic tasks, I also explored the meaning 
that students attribute to the arrow-pushing formalism. 
 
My motivation and personal experience 
I was born in China, an ancient oriental country. My mother always told me an 
anecdote about my young age that I would never forget. Young Chinese parents often 
like to speculate about their children’s future career by drawing lots; things indicating 
different jobs are provided in front of a child: coin, candy, football, book, mouth organ, 
and rubber stamp. Interestingly, I grasped a book, indicating that I would like to be a 
teacher in the future, based on this cultural practice. Since then, my mother hoped I could 
be an educator when I grew up. I was also inspired to be a teacher by my grandma since 
my young age. As a geography teacher, her good manners, wisdom, and the way she 
treated people impressed me in my desire to be a teacher.  
Recommended by my high school chemistry teacher, I joined the Department of 
Chemistry at Nankai University as an undergraduate student. However, during the four-
year college life, I found my interest was not in conducting research in the “wet 
chemistry settings”; instead, I was more interested in various social activities and was 
more concerned about how to combine my chemistry knowledge with my social skills. 
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Before graduating from college, I did the same thing as my peers—applied to graduate 
school in the United States—because we were all curious about the life in the United 
States. The only way to be accepted by an American graduate school was to use my 
undergraduate chemistry background. Fortunately, I got accepted by the Department of 
Chemistry at Clemson University. Surprisingly, there was a Chemical Education division 
in the Department of Chemistry, which gives students with a chemistry background a 
chance to change careers and enter the teaching field. After joining Dr. Bhattacharyya’s 
research group, I found this field allowed me to use my chemistry background to realize 
my childhood ambition.  
The most special experience in my life was the first time when I arrived in the 
United States. I spent a lot of time adapting myself to the brand new environment, not 
only because English was a foreign language for me, but also the way of thinking was 
completely different than that in China. I could understand the feeling that one had to 
face a completely new world, learn something she had never seen, and then build 
confidence in a new research field. Similarly, undergraduate students may be in the same 
situation when they start to learn organic chemistry. Therefore, my personal experience 
helped me better understand some of the students’ experiences and contributed to my 
research questions.   
  
 4 
CHAPTER II 
LITERATURE REVIEW 
 
In this chapter, I will review the literature that helped me inform my study. The 
two main areas that will be presented are multiple external representations and the arrow-
pushing formalism.  
 
Multiple External Representations 
 
The concept of representation is vital in the field of chemistry, since chemists use 
representations when communicating with their peers and students (Kozma, Chin, 
Russell, & Marx, 2000). Representations can be classified as internal or external 
(Chandrasekaran, Glasgow & Narayanan, 1995). Zhang (1997) defined internal 
representations as “knowledge and structure” stored in memory, whereas external 
representations are “knowledge and structure” existing in various forms of 
communication in the environments. External representations can be further classified as 
sentential or diagrammatic (Robertson, 2001). Sentential representations are sequential, 
like the propositions in a text. Diagrammatic representations, in contrast, contain the 
information with spatial relations, like the components of a diagram.  
 
Linking the Verbal and Nonverbal Information of Chemical Representations 
When learning with multiple external representations, one should be able to 
generate, interpret, and use these representations, all of which involve translating between 
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different classes of external representations (Kozma & Russell, 1997). In order to 
illustrate the interaction between various chemical representations, dual coding theory 
will be introduced first.  
Dual coding theory, introduced by Allan Paivio (1971), suggests that cognitive 
systems contain two distinct subsystems: the verbal and the nonverbal. As implied by its 
name, the verbal subsystem processes visual words, auditory words, and tactile and motor 
feedback from writing; whereas, the nonverbal subsystem processes visual objects, 
sounds, tastes, smells, and emotional experiences (Paivio, 1991). These two subsystems 
are functionally independent but interconnected (Sadoski, Paivio, & Goetz, 1991) as 
represented in Figure 2.1 as a big rectangle and a big circle, respectively. As shown in 
this figure, the sensory system detects the stimuli and activates the mental 
representations. The units in the verbal subsystem are called logogens, and imagens in the 
nonverbal subsystem. 
The verbal subsystem converts verbal stimuli into logogens in long-term memory. 
As the boxes and arrows within the verbal subsystem in Figure 2.1 indicate, the logogens 
are stored in a sequential and logical order. For example, a certain arrangement of words 
makes a sentence, and then a certain arrangement of sentences makes a paragraph 
(Sadoski, Paivio, & Geotz, 1991). 
On the other hand, the nonverbal subsystem internalizes nonverbal stimuli into 
imagens. As the smaller circles within the nonverbal subsystem in Figure 2.1 indicate, 
the imagens are stored in a synchronous or parallel manner. For example pupils, eyes, 
and nose can be viewed separately but are usually viewed as parts of a face. Furthermore, 
 6 
the face is viewed as a part of the head and the head as a part of the body (Sadoski, 
Paivio, & Geotz, 1991). 
 
Figure 2. 1: Dual coding information processing model. From Mental Representations: A 
Dual Coding Approach by A. Paivio, 1986, p. 67. 
 
According to dual coding theory, information processing involves two different 
mental connections: referential and associative (Paivio, 1986). The referential connection 
occurs between a logogen and an imagen, which are shown by the double-headed arrows 
in Figure 2.1. Thus, as referential connections are activated, the verbal information can 
evoke the relevant nonverbal information, and vice versa. For example, when one says 
the word “spoon,” one can picture the image of a spoon in his/her head. On the other 
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hand, the associative connections refer to the connections within each subsystem. Thus, 
an image can evoke other associated images, and a phrase can evoke other associated 
verbal information. For example, the picture of a fork can make you think of an entire 
table setting in your mind.  
 
Affordances and Limitations of the Verbal and Diagrammatic Representations 
Based on dual coding theory, image-like and language-like information are 
processed in different cognitive subsystems. Images are effective tools when conveying 
concrete and specific information; whereas, written language can be more effective when 
communicating general and abstract information, such as causal relations (Tversky, 2001, 
2005; Schnotz, 2001). Since chemistry involves the visualization of structures, motions, 
and processes of chemical substances (Akaygun & Jones, 2014), image-like 
representations have superiority over language-like ones because of their advantages of 
conveying spatial attributes; in other words, language-like representations may have the 
limitation of portraying spatial relations in the text (Gobert, 2005).  
In order to better understand when and how to employ different chemical 
representations, several studies have been conducted to explore the specific affordances 
of both verbal and diagrammatic representations (Akaygun & Jones, 2014; Gobert, 2005; 
Prain & Tytler, 2012). For example, in a study reported by Akaygun and Jones (2014), 
the authors investigated the strengths and limitations of verbal and diagrammatic 
representations. The participants were 78 instructors (21 university chemistry instructors, 
2 university biology instructors, 14 high school chemistry teachers, 39 chemistry 
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graduate students, and 2 biology graduate students) and 165 students (100 undergraduate 
students enrolled in a first-year chemistry course and 65 high school students). All 
participants were asked to provide written or pictorial explanations for the given physical 
equilibrium (e.g., liquid-vapor and dissolving-recrystallization equilibrium) and chemical 
equilibrium (e.g., dimerization reaction of nitrogen dioxide). In order to compare the 
information that different representations conveyed, their written and pictorial 
explanations were then examined. The results revealed that the verbal and diagrammatic 
explanations for equilibrium conveyed different meanings and emphasized different 
affordances for the same phenomena. Namely, the diagrammatic representations were 
more able to portray the structural characteristics of the equilibrium, such as the 
arrangement of the molecules. However, the verbal representations tended to describe the 
dynamic characteristics of the equilibrium, such as the motion of the atoms and 
molecules and their chemical processes. Additionally, the authors stated that some 
features that emphasized spatial information such as the favorable orientation of 
molecules only existed in the diagrammatic representations. This may occur due to verbal 
representations’ limitation of portraying the spatial relations. 
 
Functions of Multiple External Representations 
Based on dual coding theory, when verbal and nonverbal information are 
integrated, learning is facilitated (Paivio, 1969, 1986, 1991). In many teaching-learning 
situations, multiple external representations (MERs; e.g., texts and diagrams) are offered 
to students, rather than providing all information in a single external representation (De 
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Jong, Ainsworth, Dobson, Van der Hulst, Levonen, Reimann, Sime, Someren, Spada, & 
Swaak, 1998; Treagust, Chittleborough, & Mamiala, 2003). Several studies indicated that 
MERs have the potential to generate deeper conceptual understanding than a single 
representation (Ainsworth, 1999, 2006; Cox & Brna, 1995; Kozma, 2003; Mayer, 2005; 
Seufert, 2003). For example, Ainsworth (1999, 2006) proposed a Functional Taxonomy 
of MERs, which posits that MERs have different functions in facilitating students’ 
learning. Based on her framework, there are three main functions that MERs can serve in 
the learning process—to complement, constrain, and construct (shown in Figure 2.2).  
           
Figure 2.2: The Functional Taxonomy of Multiple External Representations. From DeFT: 
A conceptual framework for considering learning with multiple representations by S. 
Ainsworth, 2006, p. 187. 
 
 
First, MERs can be used to complement each other because they support different 
learning processes or provide complementary information. Complementary 
representations support different processes for the following reasons: when presented 
with various representations, learners can choose to work with their preferred one; when 
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working on different tasks, learners can select the best representation that fit the tasks; 
different forms of representation encourage learners to employ more than one strategy to 
solve a problem. MERs can also be used to provide complementary information when 
representations express completely different or some shared information. In the second 
function, one representation can guide and explain another one. For example, a more 
familiar representation can encourage learners to understand the less familiar one; the 
ambiguity of the texts may be constrained by a diagram which contains more specific and 
concrete spatial information.  
Finally, MERs allow learners to “see” complex ideas and generate deeper 
understanding because MERs can be used to promote abstraction, support extension, and 
teach relations among representations. Abstraction is the process when learners construct 
references across MERs and generate more abstract concepts. Extension is to extend the 
understanding of a familiar representation to a new situation with other representations. 
Relation involves having learners translate across unfamiliar representations and make 
inferences among them.  
 
Translation among Multiple External Representations 
Ainsworth’s framework can be used to help students understand how MERs 
function with each other and translate among MERs in chemistry. For example, in their 
study, Towns, Raker, Becker, Harle, and Sutcliffe (2012) characterized the types of 
representations used in an undergraduate biochemistry classroom. Two third-year and 
one first-year biochemistry courses were observed over a period of two years. 
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Johnstone’s triangle is a model used to represent three domains of chemical knowledge: 
macroscopic, particulate, and symbolic. The macroscopic domain represents tangible and 
visible chemical phenomena; the particulate domain describes the arrangement and 
movement of atoms, electrons, molecules or particles; the symbolic domain refers to the 
symbols, formulae, equations and diagrams that used to represent chemical substances 
and processes (Johnstone, 1991). In biochemistry, Johnstone’s model had been adapted to 
form the biochemistry tetrahedron by adding the microscopic domain (Figure 2.3). This 
domain represents the cellular level of matter, which can be observed through a 
microscope.  
        
Figure 2.3: The Biochemistry Tetrahedron framework, which was developed from 
Johnstone’s triangle by adding the microscopic domain. From The biochemistry 
tetrahedron and the development of the taxonomy of biochemistry external 
representations (TOBER) by M. Towns; J. Raker; N. Becker, M. Harle, & J. Sutcliffe, 
2012, p. 297. 
 
As the results indicated, the authors proposed the Taxonomy of Biochemistry 
External Representations (TOBER) by coding the representations that students used in 
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the classroom, such as the ball and stick model, ribbon diagrams, and Lewis dot 
structures. The authors then connected the TOBER to the biochemistry tetrahedron by 
placing each representation at the vertex of the tetrahedron or on the edge between 
domains, which was defined as “dual montage” (Towns et al., 2012, p. 301). The authors 
stated that Ainsworth’s framework could be used to clarify the purposes and learning 
outcomes for the dual montages, so that such montages could be used to complement, 
constrain, and construct students’ deeper understanding. For example, the dual montage 
combining a ribbon diagram of hemoglobin (particulate representation) with its binding 
curve (symbolic representation) could be placed on the edge between symbolic and 
particulate domains. Showing the hemoglobin diagram alone could not provide enough 
information for students to understand the relationship between the affinities of the O2 
and each heme subunit in the molecule. Yet, providing these two representations together 
allows the information in the hemoglobin diagram to complement the information in its 
binding curve.  
To help students understand chemical representations and translate from one to 
another, practitioners have suggested various instrumental approaches, such as using 
concrete models and technologies as learning tools (Ainsworth, 2006; Kozma, Russell, 
Jones, Marx, & Davis, 1996; Williamson & Abraham, 1995; Wu, Krajcik, & Soloway, 
2001). However, research studies have revealed that students are less able to integrate 
different representations and generate references across representations at deeper levels 
than chemists; namely, students are more likely to constrain their understanding to the 
surface features of representations (Gabel, 1998; Gabel, Samuel, & Hunn, 1987; Keig & 
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Rubba, 1993; Kozma & Russell, 1997; Kozma, Chin, Russell, and Marx, 2000; Kozma, 
2000a; Strickland, Kraft, & Bhattacharyya, 2010). For example, when asked to verbally 
describe a video of a light brown gas becoming darker in a boiling water bath, chemists 
were more able to recognize the underlying principles beyond surface features and 
respond: “Heating could cause chemical reactions shown by color change,” whereas 
students tended to focus on the physical features and respond: “Heating causes color 
change.” (Kozma & Russell, 1997, p. 961) Kozma and co-workers compared how 
chemists and students varied in their representational competence and their employments 
of different representations in the chemistry laboratory. For example, in their 
observational study, Kozma, Chin, Russell, and Marx (2000) investigated how chemists 
move across multiple representations to predict and reason about reaction outcomes. Two 
laboratories were chosen for this study: a laboratory in a university and a laboratory in a 
pharmaceutical firm. Both academic and pharmaceutical laboratories focused on organic 
synthesis. The authors spent 64 hours in observing three chemists in the academic 
laboratory and six chemists in the pharmaceutical laboratory. The authors found that the 
chemists could effortlessly move back and forth among different representations, which 
allowed them to use the affordances of different representations for different purposes. 
For example, the experts used the structure diagrams of the molecules to think about the 
composition and chemical reactivity of the compounds; they used the chemical reaction 
equations to design the experimental procedures to synthesize their products; and they 
used the NMR (nuclear magnetic resonance) spectra to determine the arrangement of 
atoms and the composition of organic compounds.  
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In contrast to expert chemists, students are less able to integrate information from 
MERs and generate references across representations. In another study,  Kozma (2000a) 
investigated how students’ use of representations affected their thinking in the laboratory. 
Eight students enrolled in an undergraduate organic chemistry laboratory course 
participated in this study. All participants were observed in two sessions: a wet lab 
session and a computer lab session. The author found that in the wet lab, the students 
were more likely to focus on the surface features of the chemicals, such as the color of 
the solution and the operation of equipment, and rarely generated chemical 
representations to help them reason about the compositions of the chemicals and the 
synthetic procedures. In the computer lab, the students rarely made references to the 
experiments in the wet lab, even though the molecular model they created with the 
software was the same compound they synthesized from the wet lab.  Unlike the chemists 
in Kozma’s observational study (Kozma, Chin, Russell, & Marx, 2000) who could make 
connections among the diversity of diagrams, the students in this study had difficulties in 
spontaneously generating the representations to reason about the reactions at the 
molecular level, connecting various diagrammatic representations, and selecting the 
appropriate one for a given task. This lack of connection revealed students’ difficulty in 
interpreting the diagrammatic representations. 
Previous studies in organic chemistry education regarding diagrammatic 
reasoning indicated that students’ inadequate understandings of diagrams cause 
difficulties in solving the organic tasks (Bodner & Domin, 2000; Ferguson & Bodner, 
2008; Heiser and Tversky, 2006; Jones, Jordan, & Stillings, 2005; Kuo, Jones, Pulos, & 
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Hyslop, 2004; Kozma and Russell, 1997; Stieff, 2007). For example, Stieff (2007) 
conducted a study of 38 undergraduate students enrolled in an organic chemistry course 
and six expert chemical scientists to examine the diagrammatic reasoning strategies that 
the students and experts used to solve stereochemistry tasks. For instance, the participants 
were shown two diagrams that contained the same molecules and asked to determine 
whether these two diagrams represented the same molecules or if they were enantiomers. 
Stieff found that the experts used domain-specific heuristics to make judgments. For 
example, they looked for symmetry planes or analyzed molecular structures for chiral 
carbons rather than mentally rotating images. However, the students tended to rely on the 
visual-spatial strategy. The author stated that this difference was due to the fact that use 
of the domain-specific heuristic was grounded on a deeper understanding of the 
diagrammatic representation, which allowed experts to perceive the information beyond 
the superficial aspect of the diagrams used by students.  
Strickland et al. (2010) completed another study investigating students’ mental 
models of terms that describe functional groups, nucleophile/electrophile, and acid/base 
in organic reactions as well as the diagrams showing mechanistic transformations. 
Sixteen graduate students majoring in chemistry participated in this study. The results 
showed that students had difficulty in verbally defining terms, like functional groups. The 
authors proposed that the students had a superficial understanding with little process-
oriented thinking of these concepts and were unable to attribute functions to these terms. 
In addition, the students’ verbalization of the mechanistic diagrams revealed a surface-
level understanding of the diagrammatic representation with little mechanistic 
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information. Namely, the students were unable to “see” beyond the mechanistic 
diagrams.  
These findings were consistent with the idea of Heiser and Tversky (2006), who 
suggested that students tend to possess mental models that emphasize the form of 
diagrams over the functional aspects. In this study, 80 students in a psychology course 
were asked to describe one of three mechanical diagrams, which included a car brake 
system, a pulley system, or a bicycle pump system. Half of the diagrams provided arrows, 
while the other half did not. For the diagrams with arrows, students gave the functional 
descriptions including causal operations; whereas they presented object-level descriptions 
for the diagrams without arrows. In the second study, the students were provided with 
either a structural or a functional description of one of three systems and then were asked 
to draw a diagram accordingly. The students barely drew diagrams of individual parts 
without arrows for the structural descriptions; on the contrary, they drew diagrams with 
arrows to show the relations between individual parts for the functional descriptions. The 
results showed that arrows could serve as visual cues, which directed students’ attention 
to the relational information of diagrams. Moreover, the results also indicated that the 
students represented diagrams pictorially, not functionally; in other words, the students 
had difficulty in possessing the spatial and causal mental models that emphasize the 
function rather than the form of diagrammatic representations.   
 
Arrow-pushing Formalism  
In the 1920s, Sir Robert Robinson introduced the formalism of the curved arrow 
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to show the movement of electron pairs (Brown, Dronsfield, & Morris, 2001). Although 
there are a variety of names to describe arrow pushing—such as curved arrow formalism, 
arrow-pushing formalism, and electron pushing formalism—the function remains the 
same. Loudon (1995) describes this formalism as a “symbolic device for keeping track of 
electrons pairs in chemical reactions” (p. 89), and it presents the electron movement from 
an electron rich source to an electron deficient sink (Loudon & Stowell, 1995; Scudder, 
1992). For example, a curved arrow starting at the oxygen and ending at the proton 
represents the lone pair of oxygen attacking the proton.  
The arrow-pushing formalism is one of the most important representational tools 
used by chemists to explain and predict the outcomes of reactions (Buncel & Wilson, 
1987; Gaserio, 1971; Hanson, 1976; Norman & Waddington, 1979). Although much 
effort has been put on presenting the arrow-pushing formalism from a descriptive 
perspective (Caserio, 1965, 1965b, 1971; Miller &Solomon, 2000; Scudder, 1992), far 
less is known about how students use the curved arrow in solving mechanistic problems. 
In order to explore how graduate students attempt to solve the advanced mechanistic 
problems, Bhattacharyya and Bodner (2005) conducted a qualitative study of 14 students 
in a first-year graduate-level organic chemistry course, which covered the theories of 
structure and reactivity and their application to mechanisms of organic reactions. The 
goal of that study was to determine if students’ undergraduate experiences in organic 
chemistry field prepared them to solve graduate-level mechanism problems.  
The results showed that students could not use the curved arrows to explain the 
“why” and “how” of reactions; instead, they focused on the starting materials, the 
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intermediates, and the products rather than the mechanistic processes implied by the 
arrow-pushing formalism. In other words, the curved arrows in the arrow-pushing 
formalism had little physical meaning to the students. Furthermore, two themes were 
generated to describe the students’ strategies: “It gets me to the product” and “Connect 
the dots”. The first theme involved the situation in which the students tended to force 
their ideas on the problem and generated improbable steps and intermediates because of 
their product-oriented thinking. Students that “connected the dots” tended to draw the 
intermediates or identify the reaction type before drawing the curved arrows. Thus, they 
could not reach a solution if they failed to identify the intermediate or reaction type.  
The aforementioned idea that the curved arrows have little physical meaning for 
the students was reaffirmed in another qualitative study by Ferguson and Bodner (2008), 
which aimed to explore students’ meaning-making processes regarding the arrow-
pushing formalism. Sixteen chemistry major undergraduate students enrolled in a second-
semester, sophomore-level organic course were asked to complete seven mechanism 
tasks using the arrow-pushing formalism.  
From the results, the authors proposed the following four barriers when the 
students were employing the arrow-pushing formalism: (a) the students relied on rote 
memory rather than solving the problem based on conceptual understanding; (b) they 
incorrectly applied the rules and principles that they recalled from memory; (c) they had 
poor understanding of the fundamental topics, such as acid-base and redox reactions; and 
(d) they had weak spatial reasoning abilities, such as a difficulty in visualizing the 
connection between a linear starting material and its cyclic product.  
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Furthermore, the authors stated that students tended to focus on how to connect 
the starting materials and the final products with little rational explanation of why they 
drew each arrow, indicating an absence of an understanding of the concepts, theories, and 
rules related to the reactions in their minds. Therefore, the arrow-pushing formalism was 
a meaningless tool for these undergraduate students. 
Additionally, this idea can also be found in a study by Grove, Cooper and Cox 
(2012), in which 399 undergraduate students were asked to predict the final products for 
six organic reactions with different level of difficulties. The goal of this study was to test 
if mechanistic thinking could improve student success in solving organic reactions. All 
participants were enrolled in a sophomore-level organic chemistry course. In this study, 
four reactions were considered as less difficult tasks, since they were regularly presented 
in class and in their textbooks; while another two reactions were relatively more difficult, 
since none of those had appeared in their textbooks or in class. As the results illustrated 
in the four “easier” reactions, there were no significant differences in terms of success 
rates between the ones who applied the arrow-pushing formalism to transform the 
reactants to products (i.e., mechanistic user) and the ones who did not use this formalism 
(i.e., non-mechanistic user). However, mechanistic users performed significantly better in 
the two tasks requiring the application of the knowledge than non-mechanistic users.  The 
authors stated that students could simply predict the final products for the four familiar 
reactions based on their memorization; however, this strategy would not work for the 
unfamiliar ones. The authors concluded that students would directly benefit from using 
the arrow-pushing formalism, since organic chemistry requires a process-oriented 
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thinking and the use of the curved arrows provides a systematic and organized approach 
to achieve the transition from reactants to products (Grove, Cooper, & Cox, 2012).  
In this chapter, I have reviewed the educational literatures relevant to my study, 
which provided a general view of multiple external representations and the arrow-
pushing formalism. These studies provided a framework for my study on students’ 
conceptualization of different representations and the arrow-pushing formalism. Based on 
the evidence in these literatures, much remains to be explored to uncover students’ 
translation difficulties and the meaning that they attribute to curved arrows. In the 
following chapter, I will address my guiding questions and provide the methodology that 
will be used to answer these questions.   
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CHAPTER III 
 
METHODOLOGY 
 
 
As previously stated, the overall goals of this study were to explore students’ 
conceptualizations of verbal and diagrammatic representations and the arrow-pushing 
formalism. In this chapter, I will first describe the research questions that guided my 
whole study; next, I will illustrate the methods that I utilized to conduct my study. The 
final section of this chapter will explain how to ensure the validity of this study.  
 
Guiding Questions  
Well-conceptualized guiding questions provide a clear focus and an organized 
structure to the overall goal of the study (Bunce & Cole, 2008; Piantanida & Garman, 
1999). Previous research studies revealed that students had difficulty in translating among 
various representations in the field of chemistry (Gabel, Samuel, & Hunn, 1987; Keig & 
Rubba, 1993; Kozma & Russell, 1997; Strickland, Kraft, & Bhattacharyya, 2010). 
However, little is known about students’ difficulties in translating among the 
representations in the context of the arrow-pushing formalism. Thus, in this study, I 
began to explore how students translate between the verbal and diagrammatic 
representations of the arrow-pushing formalism as well as their translation barriers. 
Therefore, I generated the first guiding question:  
• What difficulties do students encounter when transferring between the 
verbal and diagrammatic representations? 
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As mentioned above, these representations were in the context of the arrow-
pushing formalism, thus, I was also interested in how the curved arrows in the 
mechanistic diagrams affect student ability to translate from the diagrammatic to verbal 
representations as well as solve the mechanistic tasks; therefore, it was necessary to ask: 
• What meaning do students attribute to the arrow-pushing formalism? 
• How do students use the curved arrows? 
These questions will guide my choice of theoretical framework and data analysis 
strategies, which will be described in the rest of this chapter.  
 
Qualitative Research Approach  
In order to address the guiding questions a qualitative approach was adopted. 
First, since my guiding questions were open-ended and exploratory in nature, it was 
impossible to generate a meaningful hypothesis before the data collection and analysis 
processes. Unlike quantitative approaches, which tend to test hypotheses and theories 
with data, qualitative approaches allow hypotheses and theories to emerge from data 
(Marlow, 1993; Patton, 1990). As in the case of my study, little previous research has 
been conducted on students’ translation difficulties between the verbal and diagrammatic 
representations as well as the how they make sense of and employ the arrow-pushing 
formalism, therefore I did not have existing hypotheses regarding these concepts and a 
qualitative research approach was appropriate for this study. 
Next, the goal of my research was to explore students’ understanding of various 
chemical concepts, rather than objectively measure the numeric outcomes using statistical 
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analysis. Such methods tend to generate numeric data in order to answer questions of 
“what” and “how much” regarding the statistical significance; however, a qualitative 
research is expected to answer questions of “why” and “how”. Using a qualitative 
approach allow researchers to reveal participants’ underlying thoughts via observations 
and interviews and give a voice to the participants (Denzin & Lincoln, 1994; Patton, 
2002). Thus, my guiding questions can be answered by a qualitative approach, which 
relies on the participants’ experiences and thoughts (Geertz, 1973; Patton, 1990). 
 
Theoretical Framework 
A qualitative study employs a theoretical framework to guide and bring focus to 
both the data collection and the data analysis processes (Bodner, 2004). The theoretical 
framework for this study was phenomenography. Marton (1994) described 
phenomenography as “the empirical study of the limited number of qualitatively different 
ways in which various phenomena in, and aspects of, the world around us are 
experienced, conceptualized, understood, perceived, and apprehended” (Marton, 1994, p. 
4424). It is worth noting that phenomenography is used to determine the participants’ 
conceptualizations of their experiences with specific phenomena, rather than to 
investigate the phenomena themselves (Orgill, 2007). Since this study was trying to 
elucidate the participants’ thoughts of MERs and the arrow-pushing formalism, not what 
they actually learned, I chose phenomenography as the theoretical framework. 
Additionally, people will not experience a particular phenomenon in the same way 
(Orgill, 2007); phenomenography can help researchers recognize multiple understandings 
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of said phenomenon and describe the variations of how a group of people experiences it, 
rather than investigate the detailed descriptions of the individuals in the group (Trigwell, 
2000; Walsh, Dall’Alba, Bowden, Martin, Marton, Masters, Ramsden & Stephanou, 
1993). In this study, each participant might interpret those chemical concepts differently, 
but the total number of variances was limited so that I could describe and interpret their 
conceptualizations from the phenomenographic perspective. Therefore, 
phenomenography was appropriate for this study. 
 
Participants & Setting  
Because of the time-consuming nature of the data collection process in qualitative 
studies, the participants are purposely sampled (Patton, 1990). Among a variety of 
sampling strategies, criterion purposeful sampling was selected in this study since it 
allowed me to investigate participants that met specific criteria. Twenty undergraduate 
students from a variety of different majors enrolled in a second-semester, sophomore-
level undergraduate organic chemistry course at a large, state-supported, research-
intensive Southeastern university were recruited. All students participated in this study 
voluntarily. There were 12 females and 8 males. To protect their anonymity, each of the 
participants was given by a code – such as “P1” represented the first participant.  
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Data Collection 
Since the focus of the phenomenographic approach is to explore different 
conceptualizations that people experience certain phenomena, the primary source of data 
is usually an open and deep interview (Booth, 1997). During the interview, participants’ 
conceptualizations of a particular phenomenon could be uncovered.  
There were two semi-structured interview protocols (Appendix A) in this study. 
The participants were audio-taped during the interviews. All twenty students participated 
in the first interview, which lasted approximately 25 to 35 minutes; this interview was 
given in the middle of the semester. Two participants’ answers from the first interview 
were missing during the data collection process, leaving eighteen answers. Thirteen (8 
females and 5 males) of them participated in the second interview, which lasted 
approximately 40 to 50 minutes and was given at the end of the semester.  
In addition to the interview protocols, the second source of data was the field 
notes that the interviewer took during the interviews; the participants’ notes and drawing 
that were generated during the interviews provided a third source.  
 
Role of the Researcher and Researcher Bias 
Since the principal investigator of this study designed the interview protocols, 
interviewed the participants and collected data, my role as a researcher in this study was 
to analyze data. In particular, I transcribed the interviews, coded and analyzed the data, 
verified the data and reported the findings. In this study, my overall goal was to uncover 
participants’ conceptualizations of different chemical concepts through data.  
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The major bias comes from the fact that my education level and major were 
different than the participants. As a chemical education major graduate student, my 
understanding of these chemical concepts and prior knowledge differed from these 
undergraduate students. Another bias of my researcher role was from the racial difference 
between the participants and me. Since I am from China, whereas all of the participants 
are from the United States, different cultural backgrounds and ways of thinking might 
also contribute to the second researcher bias. Therefore, in order to minimize these 
drawbacks, I chose to use participants’ utterances as the evidence for my conclusions and 
tried to avoid superimposing my thoughts on the data. 
 
Data Analysis 
In this study, the audio-taped interviews were transcribed verbatim. When 
participants paused to think or to draw during the interview, I remarked with a “[pause]” 
symbol; if I could not confirm the actual utterance, I used a “[cannot get]” symbol. 
Interview transcripts, field notes, and participants’ artifacts during the interviews were 
examined carefully and repeatedly. 
First, I developed a scoring rubric for each interview question (Appendix B). The 
participants’ responses were then sorted by question and scored. Since the unit of 
phenomenographic analysis was the group of participants, the entire group’s responses 
were coded to find trends. These trends were then grouped to create categories.  Thus, in 
the light of the principles of phenomenographic research, major themes emerged from 
these categories (Patton, 2002). Finally, these themes could help me identify students’ 
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conceptualizations of different chemical concepts, thereby answering my research 
questions.  
The data was analyzed under the guidance of the principal investigator since he 
worked as a second rater during the data analysis process. In order to ensure the validity 
of the data analysis process, discussions with him were held periodically. Once there was 
an uncertain code, two raters discussed to reach a consensus.   
The purposes and answers for each interview question will be presented as follow. 
Abbreviations are used to name each question, e.g., “II-Q2” is short for “the second 
question in the second interview”.  
(1) I-Q2, I-Q3, II-Q1, and II-Q2 (Figure 3.1) required students to produce the 
arrow-pushing diagrams based on the verbal descriptions of the arrow-pushing 
mechanisms, aiming at exploring how the students translated from the verbal to 
diagrammatic representations. The answers to these questions can be found in a 
traditional organic chemistry textbook (Bruice, 2010) and are presented in Table 3.1.  
Compared to I-Q3 and II-Q2, I-Q2 and II-Q1 were relatively easier tasks since 
these organic reactions were seen often in class. On the other hand, I-Q3 and II-Q2 were 
more difficult since both reactions were seldom discussed in class; thus, the students had 
to use their knowledge of organic reactivity—such as identification of the electron source 
and sink.  
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I-Q2 
“As the π electrons of the alkene approach a molecule of Br2, one of the bromine atoms accepts those electrons and 
releases the electrons of the Br—Br to the other bromine atom. Notice that a lone pair on bromine is the nucleophile 
that attaches to the other sp2 carbon. The intermediate, a cyclic bromonium ion, is unstable because there is 
considerable charge on what was the sp2 carbon. Therefore, the cyclic bromonium ion reacts with a nucleophile, the 
bromide ion. The product is a vicinal dibromide. Vicinal indicates that the two bromines are on adjacent carbons.” 
 
I-Q3 
“A hydrogen peroxide ion (a nuecleophile) adds to R3B (an electrophile). A 1,2-alkyl shift displaces a hydroxide ion. 
The first two steps are repeated two more times, so the three R groups all become OR groups. Hydroxide ion (a 
nucleophile) adds to (RO)3B (an electrophile). An alkoxide is eliminated. Protonating the alkoxide ion forms the 
alcohol. The last three steps are repeated two more times, so all three alkoxide ions are expelled from boron and 
three molecules of alcohol are formed.” 
 
II-Q1 
• “The nucleophilic alcohol adds to the carbonyl carbon of the acyl chloride, forming a tetrahedral intermediate. 
• Because the protonated ether group is a strong acid, the tetrahedral intermediate loses a proton. 
• Chloride ion is eliminated from the deprotonated tetrahedral intermediate because chloride ion is a weaker base 
than the alkoxide ion.” 
 
II-Q2 
• “The acid protonates the carbonyl oxygen, making the carbonyl carbon more susceptible to nucleophilic attack. 
• The alcohol adds to the carbonyl carbon. 
• Loss of a proton from the protonated tetrahedral intermediate gives the hemiketal. 
• Because the reaction is carried out in an acidic solution, the hemiketal is in equilibrium with its protonated form. 
The two oxygen atoms of the hemiketal are equally basic, so either one can be protonated. 
• Because the nucleophile has a lone pair, water is eliminated from the protonated intermediate, thereby forming an 
intermediate that is very reactive because of its positively charged oxygen. 
• Nucleophilic attack on this intermediate by a second molecule of alcohol, followed by loss of a proton, forms the 
ketal.” 
 
Figure 3.1: Interview questions (I-Q2, I-Q3, II-Q1, and II-Q2). 
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 29 
Table 3.1: The answers to I-Q2, I-Q3, II-Q1, and II-Q2. 
 
I-Q2  I-Q3  
 
 
II-Q1  II-Q2  
 
 
 
(2) I-Q4, I-Q5, I-Q8, and I-Q9 (Figure 3.2) asked students to verbally describe 
the arrow-pushing diagrams; these questions were expected to determine to what extent 
the students’ verbalizations of the diagrams varied between “without-arrow” and “with-
arrow” conditions. I-Q4 and I-Q8 depicted the same organic reaction except that I-Q4 did 
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not provide the curved arrows, while I-Q8 did; I-Q5 and I-Q9 were presented in the same 
manner. The answers to these questions can be seen in Table 3.2. 
I compared the students’ answers in I-Q4 vs. I-Q8 and I-Q5 vs. I-Q9, respectively: 
I particularly focused on how the students described the Lewis structure of organic 
molecules, how they identified the electron source and sink, and how they kept track of 
specific atoms.  
 
I-Q4 
 
I-Q8 
 
I-Q5 
  
I-Q9 
 
Figure 3.2: Interview questions (I-Q4, I-Q5, I-Q8, and I-Q9). 
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Table 3.2: The answers to I-Q4, I-Q5, I-Q8, and I-Q9. 
 
I-Q4 and I-Q8  
The starting material: nomenclature name.  
Pi electrons attack Br, lone pair on Br attacks sp2 carbon, electrons between on Br-Br bond move to another Br.  
The first intermediate: the cyclic bromonium ion and a positive charge on Br.  
The lone pair on O in the water molecule attacks the more substituted carbon and electrons on C-Br bond move to 
Br.  
The second intermediate: Stereochemistry of the molecule, water and methyl group on the more substituted carbon 
while Br on the less substituted carbon, and a positive charge on O.  
The electrons on H-O bond move onto positively charged O and H leaves.  
The product: cyclohexane with hydroxyl group and methyl group on the more substituted carbon and Br on the less 
substituted carbon next to it. 
I-Q4 and I-Q8  
 
The starting material: nomenclature name.  
Pi electrons on O attack H+.  
The first intermediate: H connected to O and a positive charge on O.  
The electrons on C-O bond move to the positively charged O and the molecule is divided into two parts. 
The second intermediate: MeOH as a step product and a positive charged on the tertiary carbon.  
The electrons on C-H bond move onto positively charged O and H leaves.  
The product: Isobutylene with a newly formed double bond. 
 
(3) I-Q6, I-Q7, and II-Q4 are represented in Figure 3.3. The answers are shown in 
Table 3.3. I-Q6 and II-Q4 were the same type of question: they both required the 
students to predict the products of organic reactions with the reactants and the arrows 
given. I-Q7, on the contrary, asked them to draw the arrows with the reactants and 
products given.  
Students’ performances on I-Q6 and I-Q7 were compared in order to determine to 
what extent the students’ ability to solve the mechanistic tasks varied between “without-
arrow” and “with-arrow” conditions.  
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I-Q6 
 
                                              
 
I-Q7 
              
 
II-Q4 
                                                  
                                   
Figure 3.3: Interview questions (I-Q6, I-Q7, and II-Q4). 
 
 
Table 3.3: The answers to I-Q6, I-Q7, and II-Q4. 
 
I-Q6-1  I-Q6-2  I-Q7-1  I-Q7-2  
 
  
 
II-Q4-1  II-Q4-2  II-Q4-3  II-Q4-4  
 
 
  
 
 
(4) II-Q3 and II-Q5 were used to determine how the students employed the arrows 
to identify the type of organic reactions, which are represented in Figure 3.4. The 
answers can be seen in Table 3.4. The purpose of this type of question was to explore the 
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information that the arrows triggered in the students’ mind and how the students applied 
this information to solve mechanistic problems. 
As a matching question, II-Q3 required students to pair four diagrams of different 
organic reactions to their names. These four reactions were regularly seen in class. II-Q5 
asked them to pick out the SN2 step(s) among a series of steps in the mechanistic 
diagrams. II-Q5 was more advanced than II-Q3 because the students might have never 
seen such reactions in class. Thus, to be successful in II-Q5, the students had to make 
sense of the arrows, trigger the information related to SN2 reactions, and appropriately 
apply the information they recalled. 
 
II-Q3 II-Q5-A 
 
 
 
II-Q5-B 
 
Figure 3.4: Interview questions (II-Q3 and II-Q5). 
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Table 3.4: The answers to II-Q3 and II-Q5. 
 
II-Q3 II-Q5  
 
A 
 
B 
 
 
(5) II-Q7, II-Q8, II-Q9, and II-Q10 (Figure 3.5) let the students pick out the 
reactions which had similar mechanisms with the original reactions in the boxes, 
respectively. These questions were expected to determine which part(s) of the reactions 
(i.e., the starting materials, the reagents, or the products) that the students focused on as 
well as how they used the arrows to solve the tasks. The key answer for II-Q7 and II-Q8 
was reaction H, and reaction I for II-Q9 and II-Q10. 
In particular, II-Q7 and II-Q8 depicted the same reactions, but the only difference 
was that II-Q8 provided the arrows and multiple steps of the mechanistic transformation; 
while, II-Q7 did not. Specifically, reaction G’s starting material had the same acetoxy 
group as the original one; while reaction H had the same tert-butyl group.  
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II-Q9 and II-Q10 were represented in a similar manner with II-Q7 and II-Q8. 
Specifically, both reactions I and J had the same starting material as the original one. 
However, reaction I’s product had the same location of the functional group—on the 
secondary carbon—with the original one, but the functional group differed; while, 
reaction J’s product had the same functional group—chloride, but the location differed.  
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Figure 3.5: Interview questions (II-Q7, II-Q8, II-Q9, and II-Q10). 
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Validity 
As a qualitative study, I took several ways to ensure the validity. First, two 
interview protocols in different periods of the semester were constructed in order to 
ensure the students’ behaviors and attitudes were consistent throughout the interviews. 
Second, the conclusions that I developed were grounded on the data (Patton, 2002). I 
presented participants’ perspectives by using their utterances and always avoided 
imposing my thoughts on the data. Next, the data analysis process was based on a group’s 
perspective, rather than an individual’s. Thus, the themes emerged from the entire 
groups’ responses. Finally, a second rater assisted me to confirm the codes, categories, 
and themes. Only codes that agreed by both raters were used in the data analysis process.  
 
  
 37 
CHAPTER IV 
 
RESULTS 
 
 
In this chapter, I will present the main categories as well as the most 
representative responses that reflected participants’ conceptualizations of MERs and the 
arrow-pushing formalism. First, the students’ scores for each interview question will be 
presented. Next, I will describe the students’ performances on translating between the 
verbal and diagrammatic representations by using the categories generated from the data. 
Finally, I will discuss how the students employed the arrow-pushing formalism to solve 
mechanistic tasks in the same manner. 
Direct quotes without correction of grammar or syntax from the interview 
transcripts are provided to support findings. In the dialogues, comments made by the 
interviewer are indicated by an “I”. 
 
Students’ Scores for Each Interview Question 
 
The students’ total scores for each question in interview I and II are presented in 
Table 4.1 and Table 4.2, respectively.  
Table 4.1: Students’ total scores for each question in Interview I. 
Interview 
I I-Q1 I-Q2 I-Q3 I-Q4 I-Q5 I-Q6-1 I-Q6-2 I-Q7-1 I-Q7-2 I-Q8 I-Q9 
P1 2.250 5.000 2.857 1.923 2.500 5.000 4.000 5.000 0.000 3.077 3.750 
P2 1.250 1.000 0.000 0.769 0.625 3.000 1.000 5.000 0.000 3.077 2.500 
P3 2.250 4.000 - 1.154 1.875 2.000 3.000 0.000 - 3.077 3.125 
P4 1.750 4.000 - 2.308 0.000 3.000 2.000 5.000 - 2.692 - 
P5 3.500 4.000 1.429 1.154 1.250 4.000 3.000 5.000 0.000 3.462 3.125 
P6 3.750 1.000 0.714 1.154 1.875 4.000 5.000 5.000 2.000 4.615 4.375 
P7 4.250 3.000 0.000 1.923 1.250 4.000 4.000 5.000 0.000 3.846 2.500 
P8 1.500 1.000 0.714 2.308 3.125 5.000 2.000 5.000 0.000 4.232 3.750 
P9 0.750 1.000 - 0.385 1.250 4.000 1.000 5.000 2.000 1.154 2.500 
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Table 4.1, continued. 
P10 3.000 2.000 0.714 2.308 2.500 4.000 2.000 0.000 0.000 3.846 3.125 
P11 2.250 2.000 - 0.769 1.875 4.000 3.000 0.000 - 3.077 2.500 
P12 3.750 3.000 - 2.308 - 5.000 4.000 5.000 1.000 4.615 4.375 
P13 4.250 5.000 2.857 0.769 2.500 5.000 1.000 0.000 2.000 2.308 4.375 
P14 1.500 5.000 0.000 0.385 1.250 4.000 3.000 5.000 5.000 1.923 3.750 
P15 2.250 5.000 2.143 2.692 4.375 5.000 4.000 5.000 - - - 
P16 2.500 4.000 1.429 2.308 3.125 3.000 4.000 0.000 0.000 3.462 4.375 
P17 2.00 4.000 3.571 1.538 1.250 4.000 3.000 0.000 1.000 3.846 2.500 
P18 2.250 3.000 1.429 2.692 3.750 5.000 3.000 5.000 4.000 3.462 4.375 
Mean 2.500 3.167 1.374 1.603 2.022 4.056 2.889 3.333 1.214 3.214 3.438 
SD 1.036 1.505 1.183 0.794 1.138 0.873 1.183 2.425 1.626 0.913 0.791 
*Total scores for each question were converted to a 5-points scale for comparison across questions; SD is short for 
standard deviation; a “-” sign means the student skipped this question.  
 
Table 4.2: Students’ total scores for each question in Interview II. 
Interview 
II II-Q1 II-Q2 II-Q3 II-Q4-1 II-Q4-2 II-Q4-3 II-Q4-4 II-Q5 
II-Q7 
Q8 
II-Q9 
Q10 
P1 5.000 2.857 4.000 5.000 3.000 5.000 4.000 1.000 1.000 1.000 
P6 3.333 0.714 2.000 5.000 3.000 5.000 4.000 0.000 0.000 1.000 
P7 3.333 1.071 0.000 5.000 4.000 5.000 5.000 0.000 1.000 0.000 
P8 0.833 0.714 2.000 2.000 2.000 2.500 5.000 1.000 0.000 1.000 
P10 3.333 0.357 2.000 5.000 4.000 5.000 4.000 1.000 0.000 1.000 
P11 5.000 1.786 4.000 4.000 4.000 5.000 4.000 0.000 0.000 1.000 
P12 5.000 2.143 4.000 5.000 5.000 3.333 4.000 1.000 0.000 1.000 
P13 3.333 2.143 1.000 5.000 2.000 3.333 4.000 1.000 0.000 1.000 
P14 4.167 1.071 1.000 3.000 3.000 3.333 4.000 0.000 0.000 1.000 
P15 5.000 3.571 2.000 5.000 5.000 5.000 5.000 0.000 0.000 1.000 
P16 4.167 2.857 4.000 5.000 4.000 3.333 4.000 1.000 0.000 1.000 
P17 4.167 1.071 2.000 3.000 2.000 1.667 3.000 0.000 0.000 1.000 
P18 3.333 1.071 4.000 5.000 5.000 3.333 5.000 1.000 0.000 1.000 
Mean 3.846 1.648 2.462 4.385 3.538 3.910 4.231 0.538 0.154 0.923 
SD 1.156 0.995 1.391 1.044 1.127 1.148 0.599 0.519 0.376 0.277 
* Total scores for II-Q1, II-Q2, and II-Q4 were converted to a 5-points scale for comparison; total score for II-Q3 was 4 
pts; total scores for II-Q5, II-Q7, Q8, II-Q9, Q10 were 1 point; SD is short for standard deviation; a “-” sign means the 
student skipped this question; II-Q6 was skipped. 
 
Translation from the Verbal to Diagrammatic Representations 
 
As discussed in Chapter II, texts and diagrams belong to different classes of 
representations: texts are verbal representations and diagrams are diagrammatic 
representations. When describing something in the form of text, we use nouns to describe 
the substances and verbs to describe the relations between these substances (Schnotz, 
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2002). Thus, in the case of this study, I chose to investigate how the students depicted the 
nouns and verbs in the text, respectively. Specifically, the “nouns” refer to the IPUAC or 
common names of the chemical substances; while, the “verbs” refer to the actions—such 
as “protonate” and “attach”—which represent the processes in the organic mechanisms. 
Categories regarding the barriers that interfered with students’ translation between texts 
and diagrams are represented in Table 4.3. Discussions of each category will be 
presented sequentially. 
 
Table 4.3: Categories generated for translation from text to diagrams. 
 Categories and subcategories Examples 
Percent of 
population who had 
these difficulties 
 
 
Translate 
the nouns  
Relying on memorization 
 
 
Difficulty with interpreting the line 
structure representations 
       
Difficulty drawing a useful line 
structure 
      
Difficulty interpreting Lewis 
structure 
I-Q2 cyclic intermediate 
I-Q3 1,2-alkyl shift 
 
 
 
 
I-Q3 R3B’s structural formula 
 
 
II-Q2 oxygen’s hypervalence nature 
I-Q3 boron’s hypovalence nature 
 
100% (18 of 18) 
100% (13 of 13) 
 
 
 
 
53.85% (6 of 13) 
 
 
53.85% (7 of 13) 
92.31% (12 of 13) 
 
 
Translate 
the verbs  
Hard to find schemas to fill in the 
missing points 
 
Lacking fluency with organic 
chemistry language 
 
 
Hard to determine the agent of an 
action 
I-Q2 “react” 
I-Q3 1,2-alkyl shift 
 
II-Q2 “loss” in bullet 3 and bullet 6 
 
 
 
I-Q3 “displace” 
55.55% (10/18) 
53.85% (7 of 13) 
 
76.92% (10/13), 
84.62% (11/13) 
 
 
100% (13 of 13) 
Other 
Difficulties 
Dismissing information in the 
passage 
I-Q2 “attach” 
II-Q2 “protonate” 
94.44% (17 of 18) 
61.54% (10/13) 
 
Translate the Nouns  
Translating the nouns pertains to the conversion from verbal descriptions of 
chemical substances to their corresponded diagrammatic representations. Thus, in this 
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section, I will mainly focus on how the students depicted the chemical substances as well 
as their translation difficulties. Two categories labeled as relying on memorization and 
hard to interpret the line structure representations (Table 4.3) were used to describe 
students’ performances.  
 
Relying on Memorization 
The first category, relying on memorization, was used to describe the situation in 
which students chose to use their memories of verbal statements to create diagrams, 
rather than to read and interpret the descriptions. As the results of this study indicated, 
relying on memorization posed a barrier for students to translate between the verbal and 
diagrammatic representations. For example, in I-Q2, when asked to what extent they 
drew the diagram based on their memorizations versus reading the passage, all students 
(100%, 18 of 18) stated that they relied on their memories because this reaction had been 
frequently seen in class, which could be exemplified by P1’s case. Consider the dialogue 
below: 
I: Have you ever seen this before? 
P1: Last semester… 
I: To what extent do you think you drew this based on reading this versus your 
remembering something from the class? 
P1: From the memory I think… 
 
P10 provided a similar example. Consider the following dialogue:  
I: Have you ever seen it before? 
P10: Yes.  
I: Is it easy to interpret this by reading the paragraph? 
P10: Well, I was trying to remember from last semester… 
I: You said you were trying to remember… 
P10: Yes, the mechanism.  
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However, in working through the mechanisms, all students had trouble with 
drawing the correct intermediates for the mechanistic diagrams. For instance, P10 
expressed this trouble when he remarked: 
 
P10: As far as stereochemistry goes, it is not specific, you know…  
I: Well, you mean some other details that you may not… 
P10: Yes, the intermediate, like cyclic bromonium ion… I cannot see it in my 
mind.  
 
As his previous quotes indicated, P10 preferred to use his memorization to draw 
the mechanistic diagram instead of reading and interpreting the passage. However, this 
strategy proved to be problematic in his drawing, which is shown in Figure 4.1. He failed 
to draw the cyclic bromonium ion, even though the passage clearly described the 
procedure. In this case, P10’s exclusive reliance on his memorization but inability to 
recall the precise diagram prevented him from drawing the correct intermediate of this 
reaction.  
 
Figure 4.1: P10’s drawing of I-Q2. 
 
P2 provided another interesting example for this situation when she tried to recall 
the intermediate but then triggered the incorrect one. Consider P2’s description below: 
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P2: I think the cyclic thing [the cyclic bromonium ion] is… sort of… a circle, 
and… I cannot understand this … well, the bromonium ion? So, I know it’s 
forming a ring or something… um…it has to be a ring, but I am not really sure 
what this ring looks like…  
 
 
 
                                            
Figure 4.2: P2’s drawing of cyclic bromonium ion. 
 
Here, P2 randomly chose ethylene (shown in Figure 4.2) as the starting material, 
which should correspond to a three-membered ring as the intermediate. However, she 
triggered the incorrect mental image of a six-membered ring, 1,3-dibromocyclohexane. It 
seemed like excessively relying on memorizing the verbal statement “cyclic” without 
understanding the meaning of chemical structures hindered P2’s progress with visualizing 
and creating the correct diagrammatic representation in this task.  
As mentioned above, the students were more likely to consider the organic 
reactions as a series of memorized steps; yet, they hit a dead-end when their memories 
completely failed them. The students’ performances on depicting the 1,2-alkyl shift in I-
Q3 provided an extreme example of this barrier. Thirteen of 18 attempted this question, 
however none of them drew the correct diagrams since they all confessed that they 
struggled to recall the reaction. P18 expressed this difficulty as he compared I-Q2 and I-
Q3 and remarked: 
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P18: You have the previous knowledge about the first one [I-Q2]. I just basically 
looked at the mechanism and see what happened, so I could see why and what is 
going on. So, [by] looking at that process that I have already seen, I can reproduce 
the information later… But for this [I-Q3], it is hard to visualize [the 
mechanism]… I don’t think I have ever seen it before, so it goes even harder. 
 
Unlike I-Q2 in which the students could use their memories to reproduce the 
mechanistic diagram, I-Q3 was a more advanced mechanistic task, which had been 
seldom discussed in class. Yet, it seemed like even if the students’ memories did little to 
assist; they were still unable to find the solutions from the passage. For example, when 
asked what made it difficult to understand the mechanisms via reading the passage, P18 
described:  
 
P18: Reading the terminology is [difficult]… having to read it and then deciding 
or interpreting it, those two steps together don’t usually [work]… For some reason, 
just having to read it is much harder than seeing it on the board. 
 
As his quotation illustrated, P18 was reluctant to read through and learn from the 
passage since the terminologies were difficult for him to understand and he was more apt 
to learn from seeing the diagram rather than reading the passage. Therefore, as the 
examples of P1, P2, P10 and P18 implied, the students preferred to use their memories to 
translate the nouns to their diagrammatic representations rather than to read and interpret 
the verbal descriptions; the potential drawback of this strategy was that the students were 
unable to reach the solution unless they recalled the precise mental images associated 
with the nouns in their memories.  
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Hard to Interpret the Line Structure Representations 
 
A second category was used to describe students’ difficulties with the line 
structure representations of the organic molecules. As can be seen in Table 4.3, two 
subcategories emerged within this category, and were labeled as difficulty with drawing a 
useful line structure and difficulty with interpreting the Lewis structure. 
 
Difficulty with Drawing A Useful Line Structure 
 
The first subcategory involved the difficulty with creating a useful line structure 
of the organic molecules when working through mechanisms. Consider students’ 
drawings of R3B in I-Q3 for example: 54% (7 of 13) students were able to produce the 
structural formula of R3B (Figure 4.3a); whereas, others (46 %, 6 of 13) barely wrote a 
molecular formula (Figure 4.3b). As the results in Table 4.4 shows, most (4 of 7) 
structural formula users could correctly draw the following step (i.e., hydrogen peroxide 
ion attacking the boron atom); however, all (6 of 6) of the molecular formula users failed 
it.  
                            (a)                                                        (b) 
Figure 4.3: (a) the drawing generated by the structural formula users; (b) the 
drawing generated by the molecular formula users. 
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Table 4.4: Success rates comparisons for structural formula user vs. molecular formula 
user in I-Q3. 
 Percentage of population Success rate in drawing the following step 
Structural formula 7 out of 13 (53.85%) 4 out of 7 
Molecular formula 6 out of 13 (46.15%) 0 out of 6 
 
As the results indicated, the students tended to be more successful in predicting 
the following step if they chose to draw the structural formula of R3B. Both molecular 
and structural formulas deal with atoms and molecules. However, as can be seen in 
Figure 4.3b, the molecular formula does not explicitly tell you which atoms are bonded 
to which other atoms; instead, it merely tells you the type of atoms in the molecule and 
the number of each type of atom. On the contrary, the structure formulas (Figure 4.3a) 
clearly show the arrangement of atoms, such as which atoms are bonded to which, as well 
as whether single, double, or triple bonds are used. Thus, compared to molecular 
formulas, structural formulas provide more topological information, which allow 
chemists and students to visualize the molecules and predict the changes that occur in 
organic reactions (Brecher, 2006). Therefore, in the case of I-Q3, the structural formula is 
a more useful line structure representation of R3B and provides students with potential 
affordances to determine the electrophile and depict the direction of the arrows when 
working through the mechanisms. However, almost half of the students could not create a 
useful line structure representation and failed this task, which indicate that such 
difficulties might be considered as one of the barriers for students to translate from text to 
diagrams. 
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Difficulty with Interpreting the Lewis Structures 
 
Another subcategory was coded as difficulty with interpreting the Lewis structure. 
The Lewis structure conveys a great amount of structural information of molecules that 
can be used to predict and explain a substance’s chemical and physical properties as well 
as its chemical reactivity (Cooper, Grove, Underwood, & Klymkowsky, 2010). In this 
study, the students struggled with drawing and interpreting the Lewis structure of organic 
molecules, especially the hypo- and hypervalent species, which further hindered their 
successes in converting the verbal description of chemical substances into their 
diagrammatic representations. The students’ performances on II-Q2 and I-Q3 helped 
bring this difficulty to light. The results in Table 4.3 suggested that 54% (7 of 13) 
students struggled with drawing the Lewis structure of the hypervalent cationic species in 
II-Q2 and 92% (12 of 13) students with the hypovalent species in I-Q3.  
Based on the results, students’ difficulty regarding the Lewis structure of 
hypervalent species involved counting and placing the electrons on atoms. One of the 
seven rules of constructing the Lewis structure is to calculate the formal charge for each 
atom (Packer & Woodgate, 1991). Chemists use the formal charges to determine the 
electron distribution in the molecules as well as understand and predict the reactivity of 
the compounds (DeWit, 1994). No Lewis structure is complete without formal charges. 
In the case of II-Q2, when working on the protonated intermediate formed from bullet 2 
(i.e., the second sentence in II-Q2), slightly more than half students failed to draw the 
formal charge on oxygen in the protonated ether group, which can be exemplified by P6’s 
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case. As shown in Figure 4.4, P6’s drawing showed an absence of the +1 formal charge 
of oxygen. However, contrary to what P6 thought, oxygen’s three bonding electrons and 
two lone pair electrons contribute to +1 charge (Snadden, 1987). Thus, P6’s failure in 
spontaneously drawing the formal charge indicated a barrier in counting the electrons 
around oxygen and implied an inadequate understanding of the hypervalent species’ 
Lewis structure, which prevented P6 from drawing a reasonable protonated ether group. 
   
Figure 4.4: P6’s drawing of the protonated intermediate in II-Q2. 
 
In addition to the hypervalent species, students also had difficulty with the 
hypovalent species. For instance, the students in I-Q3 tended to have trouble with 
drawing the molecules containing a boron atom. Three main errors were presented in 
Figure 4.5, respectively.  
First, consider P1’s drawing (Figure 4.5a) of the intermediate in I-Q3, HO2BR3, 
for example. Here, she correctly deduced that the HOO- ion would attack the boron atom, 
and then attempted to connect HOO- to R3B. Yet, her drawing showed an absence of the 
negative one charge on boron. In the case of HO2BR3, boron has three valence electrons; 
so, connecting with four functional groups gives boron a formal charge of minus one (-1) 
(Moore, Stanitski, & Jurs, 2004; Petrucci, Harwood, Herring, & Perry, 1993; Weinhold & 
Landis, 2005). However, P1 failed to spontaneously drew the formal charge. Similar to 
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P6’s neglect of the hypervalent species’ formal charge, P1’s drawing could imply an 
inadequate understanding of boron’s hypovalent nature.  Therefore, without paying 
attention to the formal charge, P1 lacked the means to depict a reasonable Lewis structure 
of this intermediate. 
   
(a)                     (b)                          (c) 
Figure 4.5: (a) P1’s drawing of the intermediate, HO2BR3, in I-Q3; (b) P13’s drawing of 
R3B; (c) P18’s drawing of R group being attacked.  
 
The last two errors directly reflected students’ misinterpretations on the 
hypovalent nature of boron. As can be seen in Figure 4.5b, P13 superfluously drew two 
lone pair electrons on boron even though boron had been connected to three ethyl groups. 
Her drawing implied that boron was an electron-rich species. However, contrary to what 
P13 thought, boron, as a hypovalent species, usually has incomplete valence electrons 
and tends to accept the electrons (Weinhold & Landis, 2005). Thus, P13 failed to realize 
that boron does not bear extra electrons because all three valence electrons of boron have 
been used to create three sigma bonds with ethyl groups. In sum, P13’s drawing of an 
extra lone pair was inappropriate and was grounded on a misconception of boron’s 
hypovalency.  
The last error can be exemplified by P18’s case. His misconception of boron’s 
hypovalency hindered him selecting the appropriate electrophile for this reaction. When 
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determining the electrophile of the reaction, he commented, “hydrogen peroxide ion is 
the nucleophile and adds to R3B, so it is acting as a nucleophile, and attacking… I guess 
this carbon [the carbon next to the boron atom]”, and then he drew an arrow from HOO- 
to the carbon, which can be seen in Figure 4.5c. In other words, P18 chose carbon as the 
electrophile. Yet, he failed to consider the boron’s hypovalency: compared to carbon, 
which has full valence electrons, boron has less valence electrons and is more susceptible 
to nucleophilic attack. Thus, P18’s case implied an inaccurate or inadequate 
understanding of this characteristic, which hindered his progress with further mechanisms.  
In short, the examples of P1, P6, P13 and P18 indicated that students had 
difficulty with interpreting the Lewis structure of hypo- and hypervalent species.  A 
similar example can be found from a study by Ferguson and Bodner (2005), in which the 
students’ drawing of alkene attacking the saturated nitrogen was due to a 
misinterpretation of the hypervalent nature of ammonium ion.  
 
Translate the Verbs 
In this section, I will present how the students translated the verbs in the text. As 
shown in Table 4.3, three categories were generated from data: hard to find schemas to 
fill in the missing points, lacking fluency with the organic chemistry language, and hard 
to determine the agent of an action. These categories will be discussed sequentially.  
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Hard to Find Schemas to Fill in the Missing Points 
 
The first category was used to describe the situation in which students had 
difficulty in triggering the relevant schemas in their memories to depict the mechanistic 
diagrams. According to schema theory, knowledge is stored in long-term memory in the 
form of schema (Chi, Glaser, & Rees, 1982). Schemas help people link and organize 
relevant information together (Glaser, 1990). Unlike experts who have a large number of 
linked and organized schemas in the domain, students tend to have fragmented and 
weakly connected schemas (diSessa, 2004) and are less able to select information to 
trigger the relevant schemas in their memory (Valcke, 2002). In this study, students’ 
performances on depicting the mechanisms in I-Q2 and I-Q3 demonstrated a source of 
the difficulty.  
As the results in Table 4.3 indicated, 61% (11 of 18) of students in I-Q2 failed to 
depict the verb “react” in a sentence, “the cyclic bromonium ion reacts with a 
nucleophile”. Even so, among those 11 students, most (64%, 7 of 11) still attempted to 
draw the final product, a vicinal dibromide, regardless of the accuracy. When asked how 
they dealt with this situation, the students explained that they preferred to skip the 
mechanism and jump onto the final product directly because they knew what it looked 
like but had trouble with understanding the mechanism. P2 provided an example of this 
phenomenon created by the absence of a driving force when she expressed: 
 
P2: It is really hard to understand [the mechanism] ‘cause there are a lot extra 
things, and you cannot think about what it said. Here it said, ‘[cyclic bromonium 
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ion] is unstable because there is a considerable charge…’ I just don’t really think 
about that, I just know that I cannot stop there… just keep going. 
 
As the quote indicated, P2 seemed not to understand why the cyclic bromonium 
ion was unstable and why it reacted with the nucleophile. So, unsurprisingly, she chose to 
“keep going” and draw the product directly. Specifically, P2 was unable to get access to 
the appropriate schemas related to the unstable cyclic bromonium intermediate in her 
memory. Thus, this failure stopped her from drawing the arrows from Br- to the sp2 
carbon and made her consider the intermediate and the product as discrete entities with 
little correlation. 
The students’ performances on I-Q3 expressed a similar problem. In working 
through 1,2-alkyl shift, 54% (7 of 13) of students directly draw the step product, (RO)3B, 
without understanding the mechanism. The interviewer and P13 discussed her source of 
conflict with I-Q3, for example: 
 
P13: Well, I am reading this paragraph… it’s kind of confusing. The intermediate 
is…   
I: Well, you are able to draw the product, however, what makes it difficult to draw 
the process do you think? 
P13: Um… sometimes I cannot draw the exact thing as the paragraph… Usually, 
we have only one mechanism and draw a branch of products. 
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Figure 4.6: P13’s drawing of the mechanism in I-Q3. 
 
P13 failed to figure out the pathway between the starting material and the 
products since she was more apt to draw the products based on the given mechanisms. 
Thus, as can be seen in Figure 4.6, she skipped the mechanism and drew the products 
immediately. P13’s case was consistent with P2’s, in which having trouble with 
triggering the appropriate schemas made her skip the mechanisms and draw the 
molecules with little correlation.  
 
 
Lacking Fluency with the Organic Chemistry Language 
 
The second difficulty came from lack of fluency with the language of organic 
chemistry. Laszlo described, “Writing reaction mechanisms is central to the language of 
chemistry” (Laszlo, 2002, p. 117). As a symbolic language of organic chemistry, the 
electron-pushing formalism is used to discuss the reactivity and demonstrate the 
predictabilities of mechanistic problems; specifically, it is used to illustrate the flow of 
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electrons as the reactants break down to form intermediates or products (Scudder, 1992, 
1997; Turek, 1992). Chemists are fluent with such language to explain and predict 
reaction outcomes; however, novices show less fluency (Anderson, 2009).  
Likewise, the students in this study were proved to have trouble with employing 
this language. For example, students in II-Q2 were less likely to depict the process “loss 
of a proton”. Strictly speaking, none of the words in this phrase were verbs; however, this 
phrase implied a verb, “lost”, where the students’ second translation difficulty came from. 
It is noteworthy that most students read this sentence and made sense of it—a proton was 
removed from the original molecule. However, as the results in Table 4.3 indicated, 77% 
(10 of 13) of students could not appropriately draw the arrow from the OH bond to the 
oxygen in bullet 3 and 85% (11 of 13) in bullet 6. As can be seen in Figure 4.7, the 
common way that students drew this process was that the proton disappeared directly 
without any specific arrows showing the movement of electrons. Such an answer might 
be syntactically correct since the literal meaning of this phrase was that the proton was 
gone; however, it was not chemically correct because the organic language of this process 
is depicted as an arrow from the OH bond pointing to the oxygen atom, which indicated 
the electrons on the OH bond move onto the oxygen.  
 
 
Figure 4.7: A common mistake of drawing the proton transfer. 
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As the results illustrated, most students were unable to spontaneously draw the 
arrow along with the disappeared proton, which implied a gap between their 
understanding and the usage of organic language. Therefore, barely making sense of the 
verbal descriptions could not always help them explicitly translate the verbal descriptions 
if they poorly understood the mechanisms of organic reactions or were unskilled in 
employing the organic language. 
 
Hard to Determine the Agent of An Action 
 
The third difficulty came from the students’ failures in determining the agent of 
an action in the mechanistic transformation. For example, I-Q3 mentioned, “alkyl shift 
displaces a hydroxide ion.” The results in Table 4.3 showed that all (100%, 13 of 13) of 
the students had a hard time drawing the process of displacement and complained about 
this sentence in a similar manner: “the 1,2-alkyl shift displaces a OH group, I don’t really 
know what that means,” “I have no idea about how to attach this [hydrogen peroxide ion] 
to that [boron],” “I don’t know which one displaces... I like a concrete example first,” etc. 
Honestly speaking, this sentence did not literally show the agent of this action; instead, it 
used another chemical process, 1,2-alkyl shift, to indicate the agent. In the case of 1,2-
alkyl shift, one of the methyl groups moves onto the oxygen and then displaces the 
hydroxide ion. Thus, without a firm understanding of the mechanism of 1,2-alkyl shift, 
the students were less able to find out which functional group took the action and then 
draw the process of displacement. 
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Dismissing Information in the Passage 
 
The last category in Table 4.3 was labeled as dismissing information in the 
passage, which belonged to both translation of nouns and verbs. This category involved 
students’ barriers in selecting the important information, such as the lone pairs’ behavior, 
when reading the passage. For instance, in I-Q2, only 1 of 18 noticed the sentence “lone 
pair on bromine attaching to the other sp2 carbon” and drew the arrow from the lone pair 
on bromine to one of the carbons on the double bond (Figure 4.8a); while, others (94%, 
17 of 18) skipped this sentence and drew nothing for this step (Figure 4.8b).  
 
                       
            (a)                                                    (b) 
Figure 4.8: (a) P13’s drawing of halogen addition; (b) P11’s drawing of halogen addition. 
 
For example, P11 was one of the students who neglected the lone pair on bromine. 
When inquired about her reading habits, P11 confessed that she always overlooked the 
lone pairs when reading the passage. Consider the following dialogue:  
 
I: Like you said you know the behavior of the lone pair but you are not able to do 
anything with this?  
P11: Right. 
I: Do you have the sense about why you are not able to do so? Or what is the 
barrier? 
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P11: I guess they were saying the lone pair, here, on the Br, is gonna attach 
onto…[the sp2 carbon] But I feel like I skip over the lone pair a lot, even when I 
am doing my homework in class, I feel like they are not so important even though 
I know they are. Like 101 and 102 [Introductory Organic Chemistry courses], I 
know they use them [lone pair] in the reactions, I think Br has 3 lone pairs so you 
can use any of those, but most of the time I didn’t even draw them ‘cause they 
seem like interchangeable.  
 
Like P11 expressed, she used to skip the lone pair behavior because she thought 
this concept was unimportant. This idea led to an absence of the arrow from Br to the sp2 
carbon (Figure 4.8b), which resulted in an incomplete diagrammatic representation.  
Another example was from II-Q2 where most students (77%, 10 of 13, Table 4.3) 
skipped the process “be protonated” in bullet 4. As their quotes indicated, they all had 
difficulty in making sense of this sentence. P7 provided a good example for this situation:  
P7: Okay… hemiketal equals to the protonated form and the two oxygens on the 
hemiketal are equally basic, so either one can be protonated. [pause] Okay, it is 
asking me to draw that or just telling me? 
I: You can draw that if you think it is significant to do so.  
P7: Okay, so either one can be protonated. So… water is eliminated, okay, I am 
lost at the last part. 
I: Okay, can you tell me until what parts are you able to follow? 
P7: It said the hemiketal is in equilibrium with the protonated form. I don’t know, 
it just not very clear what that means. 
 
As her quote indicated, after reading this sentence in bullet 4, P7 paused to think 
about this phrase. However, her statement “it is asking me to draw that or just telling me” 
indicated her unawareness of the purpose of this sentence; then, she gave up and moved 
on to bullet 5; quickly, she got stuck in drawing the process of “water is eliminated” in 
bullet 5 since she could not figure out where these two hydrogen atoms in the water 
molecule came from. In this case, P7 failed to recognize that one of the hydrogen atoms 
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in this water molecule came from the protonation process in bullet 4. Therefore, she was 
unable to draw the elimination of water if she missed bullet 4’s protonation process.  
In short, as the cases of P7 and P11 indicated, the students tended to skip 
something that they consider unimportant. Yet, the potential drawback of this approach 
was that the students might miss the important cues and consequently create an 
inappropriate or inadequate diagrammatic representation when working on the translation 
tasks.  
 
Summary  
A successful translation from the verbal to diagrammatic representations includes 
the appropriate translation of both nouns and verbs in the text. The premise of a 
successful translation of verb is an appropriate translation of noun.  
In the first section, two categories provided evidence for the barriers in translating 
the nouns in text: (1) relying on memorization described the situation in which the 
students preferred to use their memorizations to translate the verbal descriptions of the 
chemical substances, rather than to read and interpret the passages; and (2) difficulty with 
interpreting the line structure representations included students’ difficulties in selecting a 
useful line structure representation and interpreting the Lewis structure of organic 
molecules.  
The second section involved the difficulties when translating the verbs in text, the 
following three categories were generated: (1) hard to find the schemas to fill in the 
missing points pertains to the situation that students chose to skip the mechanisms and 
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drew the products directly if they failed to figure out the reaction pathway; (2) lacking 
fluency with the language of organic chemistry was used to describe the gap between 
students’ understanding of the verbs and their usages of the arrow-pushing formalism; 
and (3) hard to determine the agent of an action represented students’ barriers in finding 
out the agent which caused the changes of an organic reaction. 
The last difficulty, dismissing the information as unimportant, belonged to both 
translation of nouns and verbs, which related to students’ reading habit that they preferred 
to skip the information that they thought unimportant or difficult to understand.  
 
 
 
 
 
 
 
 
 
 
 59 
Translation from the Diagrammatic to Verbal Representations 
 
Difficulties in Verbalizing the Diagrams 
In this section, I will describe the difficulties that students had when translating 
from the diagrammatic to verbal representations. The main category generated for this 
section is presented in Table 4.5.  
 
Table 4.5: Category for verbalizations of the diagrams. 
 Category  Examples Percent of population who had this difficulty 
Translate 
the 
diagrams 
Avoid using the 
IUPAC names 
I-Q4, Q5, Q8, Q9 describing the line 
structure of the starting materials 100% (20 of 20) 
 
As can be seen in this table, this category involved the nomenclature name of 
organic compounds. The IUPAC nomenclature system is one of the first topics one 
encounters when learning organic chemistry. The function of this system is to avoid the 
ambiguity for a spoken or written chemical name; namely, each IUPAC name should 
correspond to a unique substance. Learning how to name organic compounds is the 
foundation of the organic discipline (Rigaudy & Klesney, 1979). In this study, the results 
indicated that the students tended to avoid using the IUPAC names when describing 
starting materials. For example, when verbalizing the starting materials in I-Q4, Q5, Q8 
and Q9, the students preferred to use the informal language to describe the arrangement 
of atoms and their spatial relations. Consider P7’s quotes in I-Q4 for instance:  
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P7: So the hexane ring, the second C [the more substituted carbon on the double 
bond] has the double bond between C2 and C3, and there is a methyl group on 
C2… 
 
As her quote indicated, P7 described the starting material, 1-methyl-1-
cyclohexene, in an informal manner and the way she numbered the carbons was 
inappropriate: she was unable to clearly state the starting point when numbering the 
carbons in this monosubstituted cyclic compound and failed to define “C2” and “C3”. 
Based on the nomenclature rules, the carbon with the substituent in a monosubstituted 
compound should have a lowest number (i.e., carbon one) (Skonieczny, 2006); therefore, 
the saying of “C2” and “C3” was ambiguous because of the implication of the existences 
of other substituent(s) besides the methyl group. 
Likewise, the students in I-Q3 faced a similar situation when describing the 
starting material, 2-methoxy-2-methylpropane. P17 provided an example when he said: 
 
P17: So, here is the five-carbon structure, a methyl group is attach to the O 
[oxygen] and three methyl groups attached at the other side. 
 
Based on P17’s description, one methyl group was located on one side of oxygen 
and three methyl groups on the other side. However, besides 2-methoxy-2-methylpropane, 
there would be other possibilities such as 1-methoxybutane and 2-methoxybutane. Thus, 
avoiding using the IUPAC methods led to a barrier in precisely verbalizing the line-
structure representations of organic molecules, which might cause confusion in the future 
descriptions.  
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Arrow-pushing Formalism 
 
In this section, I will focus on how the curved arrows influenced students’ 
performances on translating from the diagrammatic to verbal representations as well as 
how the students employed the curved arrows to solve the organic tasks. As mentioned in 
Chapter 3, the comparisons were done in two situations—“without-arrows” vs. “with-
arrows”. The main categories for this section are presented in Table 4.6. The students’ 
grades for each category will be represented and discussed sequentially.  
In order to examine the different performances between “without-arrows” and 
“with-arrows” conditions, I used a Mann–Whitney U-test because it does not require the 
normality of distribution for two groups (McKnight & Najab, 2010). Specifically, the 
Mann–Whitney U-test deals with small samples and it is appropriate for analyzing 
unequal sample sizes (Greasley, 2008). All statistical analyses reported in this study were 
conducted with a significant level of 0.05. In particular, a p value smaller than 0.005 
indicates a significantly different performance between two conditions. 
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Table 4.6: Categories generated for the arrow-pushing formalism. 
 Categories Examples  Main focuses 
Arrow-
pushing 
Formalism 
 
Verbalization of the 
Lewis structures 
 
Focus on the 
intermediates 
 
 
Identification of the 
electron source and 
sink 
 
 
Keeping track of 
atoms in the 
mechanistic 
transformation 
 
Common errors 
without using the 
arrow-pushing 
formalism 
 
I-Q4 vs. I-Q8 
I-Q5 vs. I-Q9 
 
II-Q9 and II-
Q19 
 
 
I-Q4 vs. I-Q8 
I-Q5 vs. I-Q9 
I-Q6 vs. I-Q7 
II-Q3  
 
I-Q5 vs. I-Q9 
 
 
 
 
II-Q7 and II-Q8 
 
The lone pair on Br in the starting material 
The lone pair on O in the starting material 
 
Use the intermediates to solve organic tasks. 
 
 
 
Double bond reacts with Br 
O reacts with H+ 
The direction of the arrows 
Use the arrows to identify different reactions. 
 
Locate the O atom  
 
 
 
 
Mistakes 
 
 
Verbalization of the Lewis Structures 
 
The first category in Table 4.6 was used to describe how the curved arrows 
affected students’ performances on verbalizing the Lewis structures of organic molecules. 
Lewis structure, also known as Lewis dot diagram or electron dot diagram, was used to 
represent the bonding between atoms and the lone pairs of electrons in the molecule 
(Lewis, 1916; McNaught & Wilkinson, 1997; Zumdahl, 2005). Thus, in order to illustrate 
students’ verbalizations of the Lewis structure in this study, I chose to focus on how they 
described the lone pairs. For example, I compared students’ verbalization of the lone pair 
on bromine in I-Q4 and I-Q8 and the lone pair on oxygen in I-Q5 and I-Q9, respectively. 
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Students’ scores for this category can be seen in Table 4.7. If they correctly describe the 
Lewis structure, they got 1 point; otherwise, they got 0 points. As the results indicated, 
the students performed better in I-Q8 than in I-Q4 (p=0.041); similarly, their 
performances on I-Q9 surpassed those of I-Q5 (p=0.024). 
 
Table 4.7: Comparisons between I-Q4 and I-Q8 and between I-Q5 and I-Q9 regarding 
students’ verbalizations of the Lewis structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
P7’s verbalizations in I-Q4 and I-Q8 provide an example of this difference. 
Consider her descriptions below:  
P7 (I-Q4): The alkene comes in and attacks one of the Br, and then electrons 
move to the other Br… in this way, the hexane ring, the methyl group is still on 
C2 [the most substituted carbon on the double bond], and carbocation and Br 
forms a ring where the alkene was…   
 
 Lone pair on Br Lone pair on O 
 I-Q4 I-Q8 I-Q5 I-Q9 P1 0 0 1 1 
P2 0 0 0 1 
P3 0 0 1 1 
P4 0 0 - - 
P5 0 1 0 1 
P6 1 1 0 1 
P7 0 1 0 1 
P8 1 1 1 1 
P9 0 1 0 1 
P10 0 0 0 0 
P11 0 1 1 1 
P12 0 1 - - 
P13 0 1 0 1 
P14 0 0 0 0 
P15 - - - - 
P16 1 1 1 1 
P17 1 1 1 1 
P18 0 0 1 1 
Mean 0.235 0.588 0.467 0.867 
SD 0.437 0.507 0.516 0.352 
p value 0.041 0.024 
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P7 (I-Q8): The alkene attacks one of the Br, and lone pair from that Br attacks the 
third C [the less substituted carbon on the double bond], and then the electrons 
move the other Br, which forms a cyclic Br ion…   
 
As her quote illustrates, P7 never noticed the lone pair on bromine in I-Q4, even 
though the diagram explicitly displayed it. In contrast, in the light of an arrow from 
bromine to carbon in I-Q8, she accurately verbalized the lone pair’s behavior in I-Q8—
“lone pair on Br attacks the third C”. Thus, compared to I-Q4, adding the arrow from 
bromine to carbon onto the diagram in I-Q8 highlighted the role of the lone pair and led 
her to appropriately describe the Lewis structure.  
Likewise, the students had the same trend in the comparison between I-Q5 and I-
Q9. Consider P9’s responses for example:  
P9 (I-Q5): It [the starting material] reacts with H, and H attaches to O, and gives it 
the positive charge…  
 
P9 (I-Q9): The lone pair on the O attaches to the H, so the O is positively 
charged…  
 
In I-Q5, without the arrows, P9 used the phrase “reacts with” to describe the 
whole molecule’s action without emphasizing the agent—the lone pair on oxygen; 
however, in I-Q9, he immediately began with the term “lone pair” when talking about the 
mechanisms under the help of an arrow from oxygen to hydrogen. In short, the cases of 
P7 and P9 indicated that adding arrows on the mechanistic diagrams drew students’ 
attention to the lone pair and led to an appropriate description of the Lewis structures of 
organic molecules. 
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Focus on the Intermediates 
 
The second category was used to describe the situation in which the arrows helped 
students to focus on the intermediate to solve the mechanistic tasks. In this study, 
students’ performances on II-Q9 and II-Q10 provided an example for this situation. The 
results indicated that 69% (9 of 13) of students were more likely to focus on the 
intermediates (e.g., the carbocation in reaction I and the radical in reaction J) to make 
decisions with the help of the curved arrows. For example, when asked why he picked 
out reaction I as the answer, P15 compared the intermediates in reactions I and J 
sequentially and answered:  
 
P15: I would say I. ‘cause, in this case [reaction I], H is gonna go… onto the less 
substituted carbon, forming the carbocation… So the double bond attacks the H 
and forms the carbocation.  
I: When you are judging the similarity of these things, do you think to what extent 
you are focusing on the starting material, the reagent and the product, which do 
you think is your primary? 
P15: Well, the main reactants are the same, so I cannot focus on that ‘cause I 
cannot differentiate it. First, I will say the product, both Cl and OH are attach to 
the same C, so I am looking at the final product, and then I am trying to see the 
mechanism, and see which mechanism is the same as the box. This J [reaction J] 
is similar because it is adding the Cl, but not the same mechanism. So I choose I 
[reaction I], ‘cause the other one [reaction J], the mechanism, adding Cl, this is 
reacting through radicals, different mechanisms, I just got this from previous class. 
 
In the light of the arrows, P15’s attention was concentrated on the carbocation 
intermediate in reaction I. He pointed out that the double bond attacked hydrogen ion to 
create the carbocation, and then recognized that reaction I’s mechanism was similar with 
the original reaction. When reasoning about reaction J, the saying of “this is reacting 
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through radicals, different mechanisms” indicated that he was able to use the 
intermediates to differentiate the reaction type and concluded that J had a completely 
different mechanism than reaction I and the original one. Eventually, P15 confirmed his 
decision by refuting reaction J. In short, P15’s case indicated that the arrows in the 
diagrammatic representations helped the students to reason about the organic rections 
from the perspective of the intermediates and the mechanisms; and the arrows made the 
diagrams provide more affordances, which can be used to solve the mechanistic tasks.  
 
Identification of the Electron Source and Sink 
 
The third category was used to evaluate how the students identified the electron 
source and sink betwen “without-arrows” and “with-arrows” conditions. In the organic 
domain, the curved arrows always start from the electron source and point to the electron 
sink, showing the movement of electrons (Goldish, 1988; Morrison & Boyd, 1959; 
Wheeler & Wheeler, 1982).  
The students in this study were more successful at the identification of the 
electron source and sink with the aid of the arrows, which can be exemplified by their 
performances between I-Q4 and I-Q9 regarding the verbalizations of the double bond 
reacting with Br and between I-Q5 and I-Q9 regarding the verbalizations of the lone pair 
on oxygen reacting with H+. Students’ scores are presented in Table 4.8. If they correctly 
described the electron source and sink, they got 1 point; otherwise, they got 0 points.  
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Table 4.8: Comparisons between I-Q4 and I-Q8 and between I-Q5 and I-Q9 
regarding the identification of the electron source and sink. 
 
 
 
 
 
 
 
 
 
 
 
 
 
As the results indicated, the students performed significantly better at identifying 
the electron source and sink in I-Q8 than in I-Q4 (p=0.001); they also performed better in 
I-Q9 than in I-Q5 (p=0.004). P5’s responses to I-Q5 and I-Q9 provided an example for 
this category: 
P5 (I-Q5): So 2-methoxy-2-methyl propane is mixed with hydrogen plus, and 
oxygen has two electrons, so hydrogen is going to attack the oxygen, now we 
have oxygen with a hydrogen bonded to it, and positively charged. 
 
P5 (I-Q9): So this one we have two electrons on the oxygen attack the positively 
charged hydrogen, then the hydrogen connected to the oxygen with a bond, now 
the oxygen is positively charged. 
 
In I-Q5, P5’s description of the hydrogen ion attacking oxygen implied that the 
proton was a nucleophile and oxygen was an electrophile. Yet, her description was 
 Double bond reacts with Br2 
Lone pair on O reacts wth 
H+ 
 I-Q4 I-Q8 I-Q5 I-Q9 
P1 1 1 1 1 
P2 0 2 0 1 
P3 1 2 1 1 
P4 0 0 - - 
P5 0 1 0 1 
P6 0 3 0 1 
P7 1 3 0 1 
P8 1 2 0 0 
P9 0 1 0 1 
P10 0 2 0 0 
P11 1 3 1 1 
P12 1 3 - - 
P13 0 1 0 1 
P14 0 0 0 1 
P15 - - - - 
P16 0 1 0 1 
P17 1 2 0 0 
P18 1 1 1 1 
Mean 0.471 1.647 0.267 0.8 
SD 0.514 0.996 0.458 0.414 
p value 0.001 0.004 
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inappropriate because the hydrogen ion, as an electron-deficient species, has no electrons 
and can only act as an electrophile and tend to accept electrons (Bruice, 1995). However, 
a curved arrow from the oxygen pointing to the hydrogen in I-Q9 changed P5’s mind and 
finally made her point out that the lone pair on oxygen, as a nucleophile, attacked the 
hydrogen, an electrophile. Therefore, with the aid of the curved arrows, the students were 
more able to identify the electron source and sink based on the direction of the curved 
arrows. 
Another evidence for this category could be found from the comparison between 
I-Q6 and I-Q7. The students’ total scores for these two tasks are presented in Table 4.9. 
 
Table 4.9: Comparisons between I-Q6 and I-Q7 regarding the identification of the 
electron source and sink. 
 
 
 
  
 
 
 
 
 
 
 
 
 
Total scores  
 I-Q6 I-Q7 
P1 4.5 2.5 
P2 2 2.5 
P3 2.5 - 
P4 2.5 - 
P5 3.5 2.5 
P6 4.5 3.5 
P7 4 2.5 
P8 3.5 2.5 
P9 2.5 3.5 
P10 3 0 
P11 3.5 - 
P12 4.5 3 
P13 3 1 
P14 3.5 5 
P15 4.5 - 
P16 3.5 0 
P17 3.5 0.5 
P18 4 4.5 
Mean 3.472 2.393 
SD 0.776 1.546 
p value 0.030 
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As the results in this table indicate, the students got significantly higher scores in 
I-Q6 than in I-Q7 (p=0.030). In other words, the students in I-Q7 tended to have trouble 
determining the electron source and sink in “without-arrow” situation, which can be 
exemplified by P11’s case in I-Q7-1 (Figure 4.9). 
 
          
Figure 4.9: P11 drew oxygen as the electron sink in I-Q7-1. 
 
 
As shown in this figure, P11 mistakenly used oxygen as an electrophile in I-Q7-1. 
She demonstrated this confusion when expressing:  
 
P11: I don’t have any clue about what happened to it. I don’t have any idea; I just 
can see it has to make a double bond so the top one [the top part of the starting 
material] has to go away… So, somehow, it [electrons on OC bond and CP bond] 
will go onto O and this PPh3 and then it [electron on phosphate] will make a 
double bond between P and O…  
 
 
As her quotes indicated, P11 noticed that the original molecule had to split into 
two products. However, in order to match to the final products, she pushed the arrows 
onto the oxygen and the phosphate to force the top part to leave, which implied that both 
of them were the electron sinks. Yet, contrary to what she thought, both oxygen and 
phosphate are electron-rich species (Bruice, 1995), so that the arrow cannot point to 
either oxygen or phosphate in this case. Therefore, P11 confused the electron source and 
sink and eventually drew the incorrect direction of the arrows.  
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In addition to I-Q7-1, students tended to have the same problem with determining 
the electron source and sink in I-Q7-2. For instance, P16 provided an example of such 
difficulty when trying to make a CO double bond on the top of the reactant. Consider her 
drawing in Figure 4.10 below: 
 
 
Figure 4.10: P16’s drawing of I-Q7-2. 
 
 
As this figure indicates, P16 pushed electrons towards the negatively charged 
oxygen, which implied that oxygen was an electrophile. However, this reasoning was 
inappropriate because the arrows never point to an electron rich species, especially the 
one with a negative charge (Bruice, 2010). In short, the cases of P11 and P16 indicated 
that the students were more likely to rely on the arrows when working through the 
mechanisms; and they tended to have trouble in determining the electron source and sink 
in “without-arrow” situation.    
Besides I-Q6 and I-Q7, students’ performances on II-Q3 provided another 
evidence of arrow’s help in determining the electron source and sink. Students’ 
performances and their main explanations are represented in Table 4.10.  
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Table 4.10: Students’ performances and their main explanations for each reaction. 
 
Reaction 
number 
Population 
who gave a 
correct 
answer 
Population 
who gave a 
correct 
explanation 
The most representative explanations 
1st 8 of 13 6 of 13 “Arrows show something being added, but nothing left” 
2nd 8 of 13 6 of 13 “Something added—electron source/nucleophile, something left—electron sink/ electrophile” 
3rd 9 of 13 6 of 13 “Arrows indicate the leaving group” 
4th 9 of 13 5 of 13 “Arrows indicate the gain and loss of proton” 
 
It turned out that 62% (8 of 13) of students successfully identified all of the 
reactions in II-Q3 and more than half could provide the correct explanation. Their 
explanations indicated that adding arrows onto the diagrams triggered the relevant 
concepts in their memory. For example, when working on the second diagram on the left 
column, the arrows reminded P15 of the definition of the SN2 reaction as he said: 
 
P15: I decide this one [the 2nd diagram] was SN2 because I remembered it is the 
substitution… Oh, the “S” means substitution and “N” means nucleophilic… This 
is substitution and I know this one [I-] is leaving because it [OH-] is going to add 
to here [the carbon next to I] and break the bond here [C-I bond], so I is leaving, 
the OH is taking its place. Basically, I know that is the substitution and it is the 
definition. 
 
As his description indicted, the arrows made P15 notice something explicit in the 
diagram, such as “OH- is going to add here”, and “I- is leaving”; moreover, the arrows 
also cued him to something that did not appear on the diagram, such as the concept of the 
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nucleophilic attack and substitution. By combining this information, P15 triggered the 
definition of SN2 and correctly picked out the diagram under the help of the arrows.  
 
Keeping Track of Atoms in the Mechanistic Transformation 
 
The fourth category involved how the curved arrows affected students’ 
performances on keeping track of atoms during the mechanistic transformation. 
Comparison of I-Q5 and I-Q9 regarding locating the oxygen atom was used to elaborate 
this category. The students’ scores are listed in Table 4.11. In this case, if they correctly 
figured out where the oxygen ended, they got 1 point; otherwise, they got 0 points. 
 
Table 4.11: Comparisons between I-Q5 and I-Q9 regarding keeping track of oxygen in 
the mechanistic transformation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keeping track of the O atom 
 I-Q5 I-Q9 P1 1 1 
P2 0 1 
P3 0 1 
P4 - - 
P5 0 1 
P6 1 1 
P7 0 0 
P8 0 1 
P9 0 1 
P10 1 1 
P11 0 0 
P12 - - 
P13 1 1 
P14 0 1 
P15 - - 
P16 0 1 
P17 0 1 
P18 1 1 
Mean 0.333 0.867 
SD 0.488 0.352 
p value 0.004 
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The results in Table 4.11 indicate that the students’ performances on I-Q9 
significantly surpassed those of I-Q5 (p=0.04); namely, in I-Q9, they were more able to 
point out that the oxygen atom ended at the MeOH molecule. Looking at P14’s 
descriptions in I-Q5 and I-Q9, for example: 
P14 (I-Q5): The O in the first molecule is the nucleophile, and the electrophile is 
the H. The electrons from the nucleophile make a bond with H ion and make O 
positively charged… I don’t know… a lot is going on for me…  
I: This is the methanol. 
P14: Is that reacting or just the product? Well, after forming that structure, the H 
breaks down with the positive charge, it gonna pull down and make the bond there. 
It is hard for me to see which carbon is there. I just cannot actually see it. 
 
P14 (I-Q9): So the nucleophile O attack the H and H makes it positively charge 
‘cause and there are three bonds, and then the bond is broken, making the MeOH, 
and then it comes the pi bond so the H-plus needs to leave. 
I: Is it easier to do with arrows or without? 
P14: With the arrows. 
I: Why? 
P14: ‘cause it can bring you the picture where the electron is going and which 
bond is broken or formed. It is easier to see the O and electrons there.  
 
In I-Q5, P14 felt confused about where the oxygen went since she failed to 
recognize that methanol was the step product as she asked, “Is that reacting or just the 
product?” However, compared to I-Q5, P14 felt more natural and confortable to keep 
track of the bond changes with the help of the arrows in I-Q9; finally, she pointed out that 
methanol was a step product and the oxygen ended at the methanol during the 
mechanistic transformation. In sum, the arrows in the diagrammatic representations 
emphasize the bond changes, which can assist students in tracking the atoms during the 
mechanistic transformation. 
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Common Errors without Using the Arrow-pushing Formalism 
 
The last category was used to describe the common mistakes that occurred when 
the students chose not to use the curved arrows to reason about the organic reactions. 
Students who do not spontaneously employ the arrow-pushing formalism have been 
proved to be less successful in solving the mechanistic tasks than those who do (Grove, 
Cooper, & Cox, 2012). The findings in this study showed consistency with this idea. For 
example, students’ performances on II-Q7 and II-Q8 can be used to illustrate this 
drawback. As the results indicated, 85% (11 of 13) of students failed to employ the 
curved arrows; instead, they used their preconceptions which contain the “preexisting 
mental structures” (Bonder, 1986, p. 873) and focused on what they thought was 
important—such as the similar-looking starting materials. Consequently, they failed this 
task. P11’s case provided an example of such failure created by the preconceptions when 
she remarked: 
 
P11: I didn’t look at that box that much. I should look at the box though… um… I 
think you need to find something to make this whole side breaks off… this 
mechanism [of reaction G] seems like more familiar to me, like something I have 
seen more often, I don’t know… I think it is more G, not H. 
 
When asked why she did not choose reaction H, she answered: 
P11: Picking up the proton is normal, but then I feel like that the electrons moving 
from here [lone pair on oxygen, in reaction H] doesn’t make sense, since this one 
[reaction H] has a [CO] single bond, maybe it should be a double bond and then it 
will be sensible for electrons to come up here… it seems like nothing is gonna 
happen.  
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As her quotes indicated, P11 used her previous experiences to make decisions 
simply because reaction G was “more familiar” to her and was something she had “seen 
more often”. When working on reaction H, she questioned the process that O within a CO 
single bond grasped the proton because she held the preexisting idea that the protonation 
in this process “doesn’t make sense” and “nothing is gonna happen”. She thought a 
protonation process would “be sensible” only if the CO single bond became the CO 
double bond. P15 shared a similar reasoning as he refuted the participation of the tert-
butyl group and said, “Because I just learnt that from organic classes, function groups 
would do things, and the methyl group are H and C, and it won’t do anything ‘cause they 
are stable.” Thus, P11 and P15 were distracted by their preexisting ideas before getting a 
chance to employ the arrows in the mechanistic processes. Compared to the students’ 
performances on II-Q9 and II-10, in which they used the affordances of the arrows to 
make decisions, students’ performances on II-Q7 and II-Q8 implied a potential drawback 
of not employing the arrow-pushing formalism when working on the mechanistic tasks.  
 
Summary 
In this section, I described the students’ performances on translating from the 
diagrammatic to verbal representations.  
First, students’ translation difficulties were discussed. When verbalizing the line 
structure representations of the organic molecules, students always avoided using the 
IUPAC nomenclature system to name the chemical substances, which emerged as a 
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barrier in translating from the diagrammatic to verbal representations of the arrow-
pushing formalism. 
Students’ performances between “without-arrows” and “with-arrows” conditions 
were compared. The results indicated that they could perform better in “with-arrows” 
conditions than in “without-arrows” condition for the following reasons: (1) the arrows in 
the diagrams helped the students appropriately describe the Lewis structure of organic 
molecules because the arrows emphasize the role of the lone pairs; (2) the arrows in the 
diagrams drew students’ attention to the intermediates of the mechanistic transformation, 
so that they could better solve the mechanistic tasks; (3) the arrows in the diagrams 
helped the students identify the electron source and sink since the arrows indicate the 
movement of the electrons; (4) the arrows in the diagrams helped students to keep track 
of atoms during the transformation because the arrows cued students to the bonding 
changes.  
Lastly, common errors that occurred when students chose not to use the arrow-
pushing formalism to solve the organic tasks were discussed. Students who employ the 
arrow-pushing formalism proved to be more successful in predicting the mechanisms 
than those who do not.  
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CHAPER V 
DISCUSSION 
In this chapter, I will discuss the results shown in the previous chapter and 
respond to each bulleted research question based on the overall conclusion in this study. 
To elicit how students translate among multiple chemical representations and how they 
interpret and employ the curved arrows in the organic mechanisms, my research was 
guiding by the following questions: 
• What difficulties do students encounter when transferring between verbal and 
diagrammatic representations? 
• What meaning do students attribute to the arrow-pushing formalism? 
• How do students use the curved arrows? 
What difficulties do students encounter when transferring between the verbal and 
diagrammatic representations? 
In order to answer this question, I explored undergraduate students’ difficulties in 
translating between the verbal and diagrammatic representations of the arrow-pushing 
formalism, respectively. The simplest answer to this question is that verbal 
representations have no meaning to students; however, students are more able to translate 
from the diagrammatic to verbal representations because the curved arrows on the 
diagrams can help them achieve the translations.  
Translation from the verbal to diagrammatic representations includes translation 
of the nouns and the verbs in the text. When translating the nouns, the first barrier comes 
from the fact that students are more likely to use their memories to translate the nouns, 
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rather than reading the passages and using their conceptual understanding; therefore, they 
will not be able to find the solutions unless they can recall the exact pictures in memory 
which correspond to the verbal descriptions. The second barrier comes from students’ 
difficulties with the line structure representations of organic molecules. It seems like 
when working on new mechanisms, students have trouble with producing the most useful 
line structure representation of organic molecules. Drawing a useful line structure 
representation displaying bonding between atoms could help chemists and students better 
understand organic reactions; therefore, without such ability, one will have trouble 
reproducing a complete mechanistic diagram based on the verbal descriptions. Moreover, 
students are less able to interpret the Lewis structures of the organic molecules, especially 
the hypo- and hypervalent species. In particular, students have a hard time placing the 
electrons and calculating the formal charge on center atoms, such as oxygen and boron. 
These difficulties implied an inadequate or incomplete understanding of the Lewis 
structures of those molecules. Therefore, without a firm understanding of the 
hypovalency and hypervalency nature of these species, there is no way to draw 
appropriate Lewis structures for organic molecules.   
Regarding translation of the verbs, students always have difficulty finding the 
reaction pathway during the mechanistic transformation. Specifically, students have 
trouble finding out the driving forces for certain steps when they either fail to recall or 
interpret the mechanisms. Therefore, they choose to skip the mechanisms and draw the 
final products directly. In this case, students tend to consider the molecules as discrete 
pieces with little correlations, which keeps them from depicting the accurate mechanisms. 
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The second barrier comes from students’ disfluency with the language of organic 
chemistry. In contrast to chemists, students have difficulty in spontaneously employing 
the organic language when depicting the processes in organic reactions; rather, their 
understanding of processes are constrained to the superficial level. That is, barely making 
sense of the literal meaning of the processes without understanding the underlying 
mechanisms does not always help them translate the verbal descriptions of processes.  
Lastly, to some extent, students may have difficulty determining the agent of an action in 
the mechanistic processes; in other words, they sometimes are easily confused by the 
phrasing of the sentence and fail to figure out which functional group will take the action 
and cause the reaction.  
In sum, based on dual coding theory, students’ insufficient domain knowledge 
related to the verbal descriptions of chemical substances and their difficulties in selecting 
the relevant information to process resulted in an inactive referential connection from the 
verbal to diagrammatic representations.  
On the other hand, regarding the translation from diagrammatic to verbal 
representations, the main difficulty is that students always avoid using the IUPAC 
nomenclature method to describe the line structure representations of organic molecules; 
rather, they prefer to use their own words or informal language. The IUPAC system is the 
only way to guarantee that each chemical name could correspond to a unique chemical 
substance. Therefore, without using this method, the accuracy of the verbalizations will 
be decreased.  
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What meaning do students attributes to the arrow-pushing formalism? 
It has been proved that students have difficulties in translating from verbal to 
diagrammatic representations; however, they are more able to translate from 
diagrammatic to verbal representations. This might occur because of the role curved 
arrows that play in the mechanistic diagrams. That is, the curved arrows make diagrams 
provide more affordances: they emphasize the important information on diagrams, such 
as lone pairs, and cue students to the relevant chemical concepts, such as the identity of 
the nucleophile and electrophile, which can be used to achieve the translations and solve 
the organic tasks.  Based on the comparisons between “without-arrows” and “with-arrows” 
conditions, the meaning of the curved arrows was explored and will be presented 
sequentially.  
First, the arrows emphasize information that is explicitly shown in the diagrams. 
For example, the arrows in the diagrams can draw students’ attentions to the lone pairs. 
Without the arrows, students often neglect the lone pairs on the diagram; however, when 
given the arrows, the starting points could make them concentrate on the lone pairs and 
lead to a better description of the Lewis structures of organic molecules. In addition, the 
arrows highlight the importance of the intermediate during the mechanistic 
transformation. The intermediate could tell how an organic reaction takes place and show 
the reaction pathway. Therefore, with the arrows, students can be motivated to focus on 
the intermediates and predict or reason about the reaction outcomes from a mechanistic 
perspective.  
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Besides the explicit information on the diagrams, the arrows also cue students to 
chemical concepts which are not explicitly shown on the diagrams. Since the arrows 
always start with the electron-rich species and point to the electron-deficient species, 
students can predict the nucleophile and electrophile based on the direction of the arrows. 
Additionally, the arrows lead students to naturally keep track of atoms during the 
transformation because the arrows show the electron movement and bonding changes. 
In short, adding arrows onto the diagrams makes the diagrams provide more 
affordances, either explicit or implicit, therefore improving students’ problem solving 
techniques when they are working on organic tasks.  
 
How do students use the curved arrows? 
Based on the results of this study, it is believed that students are able to use the 
curved arrows when working on the organic problems.  
As discussed in the previous section, the arrows make the diagrammatic 
representations provide more affordances. First, students have shown to use the explicit 
information that the arrows emphasize when working through mechanisms. For example, 
when verbalizing the Lewis structure, the students in I-Q8 and I-Q9 were inspired by the 
arrows and focused on the lone pair behaviors based on the direction of the arrows; in the 
light of the arrows, the students in II-Q9 and II-Q10 were able to use the intermediates to 
predict the reaction type. Additionally, students can apply the concepts triggered by the 
arrows to solve the organic tasks. For instance, even though the interview questions never 
showed the nucleophile and electrophile, the students in this study could successfully 
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identify the electron source and sink based on the direction of the arrows; most of the 
students in I-Q9 could naturally tell where each atom ended at after the mechanistic 
transformation than those of I-Q5, because the arrows show the electron flow during the 
mechanistic transformation so that they can predict the bonding changes.  
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CHAPTER VI 
CONCLUSION 
 
Verbal and diagrammatic representations can be used to convey the same 
information, but they differ in the way they are presented. Based on the results of this 
study, I have concluded that the verbal representations of the arrow-pushing formalism 
have little meaning to students; in other words, students are less able to trigger the 
referential connection from the verbal to diagrammatic representations. However, 
students are more able to active the referential connection from the diagrammatic to 
verbal representations using the help of the curved arrows on diagrams. Based on dual 
coding theory, learning process can be facilitated by integrating the verbal and nonverbal 
representations. Thus, if students have a minimal fluency in one of the representations, 
they can learn from its complementary representation(s). In other words, if the verbal 
representations of the arrow-pushing formalism are difficult for students to interpret, the 
diagrammatic ones can help them build a better understanding because of the synergistic 
effect of multiple external representations.  
Additionally, curved arrows on diagrams can make the diagrammatic 
representations provide more affordances than those without the arrows, for the following 
reasons: when working on the mechanisms, the curved arrows draw students’ attention to 
something important on the diagrams, such as the lone pairs and the intermediates, which 
can be used to solve organic tasks; the arrow-pushing formalism can trigger students’ 
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relevant chemical concepts, such as the identification of the nucleophile and electrophile, 
which can be applied to predict and reason about the reaction outcomes. 
 
Implications in Chemistry Education  
This study presented the importance of the diagrammatic representations in 
chemical instruction. This section will address the implications for chemical education 
and further research. 
First, to develop students’ interest and improve their understanding of organic 
chemistry, I suggest instructors create a variety of instructional tools, such as the 
computational chemistry software that provides the verbal descriptions of mechanisms 
and the mechanistic diagrams for every single step synchronously. Based on dual coding 
theory, a deeper understanding will be achieved when the verbal and diagrammatic 
representations are provided at the same time. Therefore, this type of instructional tools 
would help students get into the habit of moving back and forth between the verbal and 
diagrammatic representations in the learning process.  
Additionally, students’ representational competence can be developed by 
reinforcing them to think about and create various forms of representations. In other 
words, novices, especially high school students, should be encouraged to represent 
chemical substances, phenomena, and mechanisms in more than one way and to think 
about how these representations differ or are equal to each other. Moreover, it is 
necessary to develop student ability to translate among various representations when 
working through mechanisms. When dealing with new concepts, students should be 
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suggested to communicate with their classmates to compare different forms of 
representations and trained to translate among those forms; the ultimate goal of this 
practice is to ensure that students’ fluency in spontaneously transferring between verbal 
and diagrammatic representations in their future study.   
Besides the representational competence, I also suggest that more time should be 
spent on the basic organic principles, such as the IUPAC nomenclature system, the Lewis 
structure, and the arrow-pushing formalism. Instructors should emphasize the necessity of 
the nomenclature of organic compounds when students first learn organic chemistry, 
especially for high school students. The IUPAC related content is always the first topic 
for a new chemical concept. More practice should be reinforced on transferring between 
the structural formula of an organic compound and its IUPAC name. If one has a 
complete mastery of this fundamental knowledge, she/he will be less confused by the 
way a compound is presented; rather, the student can focus on the mechanisms 
themselves. Next, it is necessary for instructors to emphasize the fundamentality of the 
Lewis structures of organic molecules, especially the hypo- and hypervalent species, in 
the classroom. Chemists can easily predict the electron distribution and structure of an 
organic compound, but students may face more difficulties. For example, students 
sometimes neglect the formal charge of central atoms when reproducing the Lewis 
structures; therefore, I suggest instructors spend more time on explaining the Lewis 
structure, such as how to identify the central atoms, how to calculate the formal charge, 
and how to determine the electron distribution, so that students can interpret the Lewis 
structure at a deeper level. Specifically, more efforts should be put towards explaining the 
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hypo- and hypervalent species, such as protonated ether groups and boron-related 
molecules. Homework assignments focused on the hypo- and hypervalency nature should 
be developed in order to improve students’ interpretations of these species. Finally, 
students should be strongly encouraged to employ the arrow-pushing formalism when 
working through mechanisms. It has been shown that employing the arrow-pushing 
formalism will improve the success rate in organic tasks; therefore, I suggest instructors 
to focus on developing concrete models or instruction tools to help student get into the 
habit of reasoning about the organic reactions from the mechanistic perspective as well as 
the employment of the organic language.  
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Appendix A 
Interview Protocol I 
Question 1 
For each of the following terms, please draw a picture that you think best represents that term: 
 
atomic orbital/ molecular orbital/ hybrid orbital/ sigma bond/ pi bond/ hydrogen bond/ nucleophile/ electrophile/ 
acid/ base 
 
Question 2  
Please draw a diagram that you think best represents what is described in the following passage from page 171 of 
Organic Chemistry by Bruice: 
 
“As the π electrons of the alkene approach a molecule of Br2, one of the bromine atoms accepts those electrons and 
releases the electrons of the Br—Br to the other bromine atom. Notice that a lone pair on bromine is the nucleophile 
that attaches to the other sp2 carbon. The intermediate, a cyclic bromonium ion, is unstable because there is 
considerable charge on what was the sp2 carbon. Therefore, the cyclic bromonium ion reacts with a nucleophile, the 
bromide ion. The product is a vicinal dibromide. Vicinal indicates that the two bromines are on adjacent carbons.”
  
 
Question 3 
Please draw a diagram that you think best represents what is described in the following passage from page 182 of 
Organic Chemistry by Bruice: 
  
“A hydrogen peroxide ion (a nuecleophile) adds to R3B (an electrophile). A 1,2-alkyl shift displaces a hydroxide ion. 
The first two steps are repeated two more times, so the three R groups all become OR groups. Hydroxide ion (a 
nucleophile) adds to (RO)3B (an electrophile). An alkoxide is eliminated. Protonating the alkoxide ion forms the 
alcohol. The last three steps are repeated two more times, so all three alkoxide ions are expelled from boron and 
three molecules of alcohol are formed.” 
 
Question 4 
Please describe the following diagram as if you were trying to do so over the telephone: 
 
 
 
Question 5 
Please describe the following diagram as if you were trying to do so over the telephone: 
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Question 6 
Based on the arrows shown draw the products of each step: 
 
                    
 
 
Question 7 
Draw in the curved arrows for each of the mechanistic steps shown below: 
 
 
 
Question 8 
Please describe the following diagram as if you were trying to do so over the telephone: 
 
 
Question 9 
Please describe the following diagram as if you were trying to do so over the telephone 
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Appendix B 
Interview Protocol II 
Question 1 
Please draw a diagram that you think best represents what is described in the following passage from page 723 of 
Organic Chemistry by Bruice: 
 
• “The nucleophilic alcohol adds to the carbonyl carbon of the acyl chloride, forming a tetrahedral 
intermediate. 
• Because the protonated ether group is a strong acid, the tetrahedral intermediate loses a proton. 
• Chloride ion is eliminated from the deprotonated tetrahedral intermediate because chloride ion is a 
weaker base than the alkoxide ion.” 
 
H3C Cl
O
CH3OH
The acyl chloride The alcohol  
 
 
Question 2 
Please draw a diagram that you think best represents what is described in the following passage from page 799 of 
Organic Chemistry by Bruice: 
 
• “The acid protonates the carbonyl oxygen, making the carbonyl carbon more susceptible to 
nucleophilic attack. 
• The alcohol adds to the carbonyl carbon. 
• Loss of a proton from the protonated tetrahedral intermediate gives the hemiketal. 
• Because the reaction is carried out in an acidic solution, the hemiketal is in equilibrium with its 
protonated form. The two oxygen atoms of the hemiketal are equally basic, so either one can be 
protonated. 
• Because the nucleophile has a lone pair, water is eliminated from the protonated intermediate, thereby 
forming an intermediate that is very reactive because of its positively charged oxygen. 
• Nucleophilic attack on this intermediate by a second molecule of alcohol, followed by loss of a 
proton, forms the ketal.” 
 
H3C CH3
O
CH3OH
The ketone The alcohol  
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Question 3 
Match each of the following diagrams with the reaction type depicted in it. 
O
O
HO
Cl
O
OCH3
IHO
SN2
Addition
Elimination
OEt
H
O
EtO
Acid-Base
 
 
 
Question 4 
For each of the following: 
• Label the curved arrows in the order in which the step takes place; and 
• Draw the product(s) of the step based on the curved arrows. 
 
EtO
O EtO O
?
                     
OEt
O
O
OO
?
 
 
O
O
O
?
                     
O
O
CH3 ?
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Question 5 
Recall that in an SN2 reaction a nucleophile attacks an electrophilic atom which, in turn, releases the leaving group. 
All of this occurs in a single step. Clearly indicate all of the SN2 steps in the mechanisms shown below: 
 
A.  
 
 
 
B. 
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Question 7 
Consider the mechanism for the reaction shown in the box below. Is it more like the mechanism for reaction G or 
reaction H? Why? What other information would you like to make the most informed decision? 
 
O
O
OH
O
H+/H2O
+
 
 
OCH3
O
O
H+/H2O
H+/H2O
OH
O
+ MeOH
+ MeOH
G.
H.
 
 
Question 8 
Consider the mechanism for the reaction shown in the box below. Is it more like the mechanism for reaction G or 
reaction H? Why? Did your answer change from the previous question? Why or why not? 
 
O + H
+
O
H
H
O
O
OH
O
H+/H2O
+
OCH3
O
+ H+
OCH3
O
H
H2O:
OCH3
OH
O
HH
O
OH
OH
H+
CH3
O
OH
OH
CH3
H
OH
O
H
OH
O
G.
H.
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Question 9 
Consider the mechanism for the reaction shown in the box below. Is it more like the mechanism for reaction I or 
reaction J? Why? What other information would you like to make the most informed decision? 
 
Cl
H2O
HCl
 
 
OH
H2O
H2SO4
H2O2
HCl
Cl
I.
J.
 
 
Question 10 
Consider the mechanism for the reaction shown in the box below. Is it more like the mechanism for reaction I or 
reaction J? Why? Did your answer change from the previous question? Why or why not? 
 
H
H
H
H
HH2O
O
H H
OH
HO OH 2HO
+ Cl
HO H Cl H2O + Cl Cl
H Cl
Cl
Cl
H2O
HCl
I.
J.
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Appendix C 
 
Scoring Rubrics for Interview Questions 
 
Table 1: The scoring rubrics for I-Q2, I-Q3, II-Q1, and II-Q2. 
I-Q2 (5 points) 
5 points 
 
 
 
 
4 points 
… 
 
1 point 
 
0 points 
Provide all 
information 
shown in the 
diagram. 
 
Either 4  
… 
 
Either 1 
 
None 
 
I-Q3 (6 points)* 
6 points 
 
 
 
 
 
 
 
 
 
 
 
 
5 points 
 
… 
 
1 point 
 
0 points 
Provide all 
information 
shown in the 
diagram. Since 
most students’ 
answers ended 
at the point No. 
5, the rest of the 
mechanism 
steps count to 1 
point. 
  
 
Either 5 
 
… 
 
Either 1 
 
None 
 
 
 
 
 
 
 
 
 
 
 
H2C CH2
Br
Br
H2C CH2
Br
+ Br
Br
H2
C
H2
C Br
12
3
4
5
B
R
R
R
+ O OH B
R
R
R
O OH B
R
R OR
repeat two 
times
B
OR
RO OR
OH-
B
OR
RO
OH
ORB
OR
RO
O H
RO +
B
OR
RO
OH
+ROH
repeat two 
times ROH + RO33-
1
2
3
4
5
6: the rest of the reaction
+ OH-
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Continued Table 1: 
II-Q1 (6 points)* 
6 points 
 
 
 
 
5 points  
 
… 
 
1 point 
 
0 points 
Provide all 
information 
shown in the 
diagram. 
 
Either 5 
 
… 
 
Either 1 
 
None 
 
II-Q2 (14 points)* 
14 points 
 
 
 
 
13 points 
 
… 
 
1 point 
 
0 points 
 
Provide all 
information 
shown in the 
diagram. 
 
Either 13 
 
… 
 
Either 1 
 
None 
 
 
• The total scores of I-Q3, II-Q1, and II-Q2 were converted to a 5-point scale for 
comparison across the questions in Chapter 4. 
H3C Cl
O
+ H3C OH H3C C
O
Cl
OCH3
H
H3C C
O
Cl
OCH3
H3C OCH3
O
+Cl-
1
2
3
4
56
6
1 2
3
4
5
7
H3C CH3
O
H
H3C CH3
OH
+ H3C OH H3C C
OH
CH3
OCH3
H
H3C C
OH
CH3
OCH3
H+
H3C C
OH2
CH3
OCH3
H3C CH3
OCH3
H3C OH
H3C C
OCH3
CH3
OCH3
H
H3C C
OCH3
CH3
OCH3
8
9
10
11
1213 14
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Table 2: The scoring rubrics for I-Q4, I-Q5, I-Q8, and I-Q9. 
I-Q4 and I-Q8 (13 points)* 
13 points 
 
 
 
 
12 points 
 
… 
 
1 point 
 
0 points 
 
Provide all 
information 
shown in the 
diagram. 
 
Either 12 
 
… 
 
Either 1 
 
None 
The starting material: nomenclature name (1 pts).  
Pi electrons attack Br (1 pts), lone pair on Br attacks sp2 carbon (1 
pts), electrons between on Br-Br bond move to another Br (1 pts).  
The first intermediate: the cyclic bromonium ion (1 pts) and a 
positive charge on Br (1 pts).  
The lone pair on O in the water molecule attacks the more 
substituted carbon and electrons on C-Br bond move to Br (1 pts).  
The second intermediate: Stereochemistry of the molecule (1 pts), 
water and methyl group on the more substituted carbon while Br 
on the less substituted carbon (1 pts), and a positive charge on O 
(1 pts).  
The electrons on H-O bond move onto positively charged O and H 
leaves (1 pts).  
The product: Hexane with hydroxyl group (1 pts) and methyl 
group on the more substituted carbon and Br on the less 
substituted carbon next to it (1 pts). 
 
I-Q4 and I-Q8 (8 points)* 
8 points 
 
 
 
 
7 points 
 
… 
 
1 point 
 
0 points 
 
Provide all 
information 
shown in the 
diagram. 
 
Either 7 
 
… 
 
Either 1 
 
None 
The starting material: nomenclature name (1 pts).  
Pi electrons on O attack H+ (1 pts).  
The first intermediate: H connected to O and a positive charge on 
O (1 pts).  
The electrons on C-O bond move to the positively charged O and 
the molecule splits (1 pts).  
The second intermediate: MeOH as a step product (1 pts) and a 
positive charged on the tertiary carbon (1 pts).  
The electrons on C-H bond move onto positively charged O and H 
leaves (1 pts).  
The product: Isobutylene with a newly formed double bond (1 
pts). 
 
 
* The total scores of I-Q4, I-Q5, I-Q8, and I-Q9 were converted to a 5-point scale for 
comparison across the questions in Chapter 4.   
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Table 4: The scoring rubrics for I-Q6, I-Q7, and II-Q4. 
I-Q6-1 (5 points) 
5 points 
 
 
 
 
4 points 
 
… 
 
1 point 
 
0 points 
Provide all 
information 
shown in the 
diagram. 
 
Either 4 
 
… 
 
Either 1 
 
None 
 
I-Q6-2 (5 points) 
5 points 
 
 
 
 
4 points 
 
… 
 
1 point 
 
0 points 
Provide all 
information 
shown in the 
diagram. 
 
Either 4 
 
… 
 
Either 1 
 
None 
 
I-Q7-1 (5 points) 
2 points 
 
 
 
 
1 point 
 
0 points 
Provide all 
information 
shown in the 
diagram. 
 
Either 1 
 
None 
 
I-Q7-2 (5 points) 
5 points 
 
 
 
 
4 points 
 
… 
 
1 point 
 
0 points 
Provide all 
information 
shown in the 
diagram. 
 
Either 4 
 
… 
 
Either 1 
 
None 
 
  
O OEt
O
OEt
1
2 3
4
5: one product
EtO
O O
+
O
O
1
2
3
5: two products
4
O PPh3
R'R
1 2
O
+
O
O
3
4
1
2
5: rotate this
reactant
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Continued Table 4:  
II-Q4-1 (5 points) 
5 points 
 
 
 
 
4 points 
… 
1 point 
 
0 points 
Provide all 
information 
shown in the 
diagram. 
 
Either 4 
… 
Either 1 
 
None 
 
II-Q4-2 (5 points) 
5 points 
 
 
 
 
4 points 
… 
1 point 
 
0 points 
Provide all 
information 
shown in the 
diagram. 
 
Either 4 
… 
Either 1 
 
None 
 
II-Q4-3 (6 points)* 
6 points 
 
 
 
 
5 points 
… 
1 point 
 
0 points 
Provide all 
information 
shown in the 
diagram. 
 
Either 5 
… 
Either 1 
 
None 
 
II-Q4-4 (5 points) 
5 points 
 
 
 
 
4 points 
… 
1 point 
 
0 points 
Provide all 
information 
shown in the 
diagram. 
 
Either 4 
… 
Either 1 
 
None 
 
 
* The total scores of II-Q4-3 were converted to a 5-point scale for comparison across the 
questions in Chapter 4. 
 
EtO
O EtO O
1
23
4
5: one product
O
O
+
OEt
O O
1
23
5: two products
4
O
O
O
1
2 3
4
5
6: one product
CH3
O
+
O1 2
5: two products
3
4
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Table 5: The scoring rubrics for II-Q3 and II-Q5. 
II-Q3 (4 points) 
4 points 
 
 
 
3 points 
 
… 
 
1 point 
 
0 points 
Match 4 
reactions 
accordingly.  
 
Either 3 
 
… 
 
Either 1 
 
None 
 
II-Q5-A (1 point) 
1 point 
 
 
 
0 points 
Select step 
No. 1, 2, and 
3. 
 
Other answers 
 
II-Q5-B (1 point) 
1 point 
 
 
0 points 
Select step 
No. 3. 
 
Other answers 
 
 
 
O
O
HO
Cl
O
OCH3
IHO
SN2
Addition
Elimination
OEt
H
O
EtO
Acid-Base
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Table 6: The scoring rubrics for categories of II-Q7, II-Q8, II-Q9, and II-Q10. 
II-Q7 and II-Q8 II-Q9 and II-Q10 
 
1 point 
 
0 points 
 
Select reaction H 
 
Select reaction G 
 
1 point 
 
0 points 
 
Select reaction I 
 
Select reaction J 
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